
ABSTRACT 

CUI, YAN. Fundamentals in Microalgae Harvesting: From Flocculation to Self-attachment. 
(Under the direction of Dr. Wenqiao Yuan.) 
 

Microalgae are a very promising source of biodiesel and other renewable energy due to their 

fast grow rates, high lipid contents and tremendous potential for water conservation and CO2 

biofixation. However, a bottleneck issue with algae biofuel manufacturing is the lack of cost-

effective harvesting methods. This research focuses on the technologies for improved 

microalgae harvesting to enable commercially viable and environmentally friendly biodiesel 

production. The first objective of this study was to optimize flocculation of marine microalga 

Nannochloropsis oculata with metal salts, aluminum sulfate (A.S.) and ferric chloride (F.C.) 

via response surface methodology. It was found that there existed a positive stoichiometric 

relationship between the flocculant dose (FD) and the initial biomass concentration (IABC). 

Optimum flocculation conditions were predicted at IABC of 1.7 g/l, pH 8.3, and FD of 383.5 

µM for A.S., and IABC of 2.2 g/l, pH 7.9, and FD of 438.1 µM for F.C., under which the 

predicted maximum harvested solid concentration of algae were 32.98 and 30.10 g/l by using 

A.S. and F.C., respectively. The second objective was to investigate the mechanism of 

microalgae flocculation with metal salts. The theory of Derjaguin, Landau, Verwey and 

Overbeek (DLVO) was applied to understand the flocculation mechanism of a freshwater 

alga Scenedesmus dimorphus and a marine alga Nannochloropsis oculata under various pH 

and aluminum sulphate ionic strengths. Effective flocculation was achieved as a result of 

charge neutralization and sweep flocculation. When low flocculant dosage (<0.1 mM) was 

applied, charge neutralization seemed to be predominating and the DLVO predicted 

flocculation trends were found quantitatively accurate in matching the experimental results. 

In the case of high flocculant dosage, the DLVO theory failed to explain the results since 

sweep flocculation was found to predominate at alum dose above 1 mM.  

      Understanding of cell-to-cell interactions of microalgae offered possibilities in design of 

a novel semi-immobilized algal production and harvesting method, which exploited cell to 

substrata interactions instead of cell-to-cell interactions. In such method, a solid carrier was 

used to grow and accumulate algal cells and the cost of harvesting and drying can be simply 

reduced by easy algae-water separation. In order to enable the envisioned algal attachment, 



the third objective was to investigate the cell to substrata attachment by a thermodynamic 

model. Based on the theoretical analysis, when the polar surface energy of the cell is greater 

than that of water, cellular attachment would be more favorable on materials with higher 

dispersive surface energy but lower polar surface energy. If the polar surface energy of the 

cell is smaller than that of water, more cell attachment would be expected on materials that 

are higher in both dispersive and polar surface energies. The model was also validated its 

capability in designing, selecting, and matching algal strains and solid carrier materials to 

enhance cell attachment. The forth objective was to investigate the effect of surface texturing 

on algal attachment. It was found that surface texturing had a greater effect than surface free 

energy, by changing the liquid wetting behavior and real contact area. The attachment is 

preferred when the feature size is close to the diameter of the cell attempting to settle. Larger 

or smaller feature dimensions have the potential to reduce cellular attachment. The fifth 

objective was to study the role of carrier materials and their surface roughness in attachment. 

If the surface chemical composition was similar, the attachment and orientation of algal cells 

was found to depend on the surface average roughness, wherein rougher surfaces resulted in 

increased attachment. Whereas, the attachment was strongly related to surface free energy as 

described by the thermodynamic model if materials were chemically different.  
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Chapter 1  Introduction  

 

1.1 Energy crisis and the need for algae biofuels 

U.S. and world economies depend on fossil fuels (coal, oil, and natural gas), which are finite 

and nonrenewable energy sources. For example, fossil fuels currently provide more than 85% 

of all energy consumed in the U.S., nearly two-thirds of the electricity, and virtually all of the 

transportation fuels [1]. Though the exact timing of fossil fuels running out is debated, it is 

probably inevitable that supplies of fossil fuels will decline in the future and will become 

even more expensive. Furthermore, use of fossil fuels contributes to accumulation of carbon 

dioxide (a greenhouse gas) in the atmosphere. Therefore, there is an urgent need for 

alternatives to fossil fuels, such as biofuels, including biodiesel, ethanol, and other types of 

biomass-derived fuels. As one of the major biofuels, biodiesel can be directly used in diesel 

engines [2-4] and can play a significant role in diversifying transportation fuels in the U.S. 

[5]. Since biodiesel is renewable, cleaner, safer, and beneficial to the economy [6], it has 

been supported by the federal government and many state governments in the U.S. and its 

consumption in the U.S. has increased exponentially in recent years, as shown in Figure1.1. 

      The goal set by the U.S. government is to replace 20% of transportation fuels with 

biofuels by the year 2030 [8]. If biodiesel were to be used as the sole biofuel to meet this 

goal, 28 billion gallons of biodiesel would be needed each year at the current rate of 

consumption [9].As illustrated in Table 1.1, to produce this amount of biodiesel would 

require unsustainably large cropping area when using any other sources (corn, soybeans, or  
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oil palm) except algae. For example, if using soybeans, 583 million acres (which is 130% of 

the total existing cropping area for all crops in the U.S.) would be needed to produce this 

amount of biodiesel. Even if using oil palm, one of the best oil producers that can be grown 

on land, 10% of the total existing U.S. cropping area would be needed. This scenario can be 

changed, however, if algae are used to produce biodiesel. Based on demonstrated algae 

biomass productivity in photobioreactors and 30% oil content [9], if 1% of the total existing 

U.S. cropping area, or four million acres, is used to grow algae, there will be sufficient algae 

biofuels to achieve the 20% replacement goal. 

 
 
 

 

Figure 1.1 U.S. biodiesel consumption [7]. 
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Table 1.1 Comparison of biodiesel sources [9]. 

 

 

Algae have been demonstrated to be one of the most promising sources for biofuel 

production and it has many advantages over other oil crops: 1) Microalgae have a rapid 

growth potential and many species have oil content in the range of 20–50% dry weight of 

biomass, the exponential growth rates can double their biomass in periods as short as 3.5 h. 

Microalgae are capable of all year round production, therefore, oil productivity of microalgae 

cultures exceeds the yield of the best on –land oil crops, e.g. oil yield of 6276 

gallons/acre/year for microalgae compared with 635 gallons/acre/year for oil palm; 2) they 

grow in aqueous media, but need less water than terrestrial crops therefore reducing the load 

on freshwater sources; 3) microalgae can be cultivated in brackish water on non-arable land, 

and therefore competition for valuable fresh water and arable land can be avoided, 

minimizing associated environmental impacts; 4) With respect to air quality maintenance and 

improvement, microalgae biomass production can benefit bio-fixation of waste CO2 (1 kg of 

dry algal biomass utilize about 1.83 kg of CO2) [10]; 5) they can also produce valuable co-

products such as proteins and residual biomass after oil extraction, which may be used as 

feed or fertilizer, or fermented to produce ethanol or methane [11-13]. 

 

Source 
Oil productivity per 

year 
(Gallons/acre) 

Cropping area needed to 
produce 20% of all U.S. 

transportation fuels 
(Million acres) 

Cropping area needed 
versus total existing U.S. 

cropping area 
(%) 

Corn 18 1，556 346 
Soybeans 48 583 130 
Canola 127 220 49 
Coconuts 287 98 22 
Oil palm 635 44 10 
Algae 6,276 4 1 
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1.2 Problem Statement 

The commercial production of algal biofuels has not been realized due to its relative high 

cost as shown in Figure 1.2. Commercial facilities employ both open ponds and closed 

photo-bioreactors but are mainly for the production of high-value, low-volume food 

supplements. Large-scale algae production and harvesting for energy manufacturing are too 

costly due to low oil productivity, difficult species control, and high harvesting costs [14,15]. 

 

 

 

Figure 1.2 Cost analysis of biomass production from three commonly used production methods: 

tubular photo-bioreactors, flat panels, and open ponds [16]. 
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      In order to make algae-based biodiesel competitive, the unit cost needs to be no more 

than $0.2/kg (or € 0.143/kg or $5/gallon). As can be seen from the figure, 16-fold-reduction 

in production cost is needed from current open pond systems. The concentration of 

microalgae is very low for current large-scale culture methods, typically 0.1-0.5g/L for open 

ponds and 2-5g/L for tubular reactors [17].  The size of algae is only a few micrometers. 

These two aspects make the harvesting and further concentration of algae difficult and 

therefore expensive. Harvesting has been claimed to contribute 20–30 percent to the total 

cost of producing the biomass [18]. So the challenge for algal biomass harvesting is to take 

the very low cell density and concentrate it to a point where lipid extraction is possible (as 

much as 1000×) using the lowest cost and process options.  

1.3 Research Objective 

The goal of this research was to improve technologies for harvesting of microalgae for 

biofuel production. Specific objectives and approaches are as follows: 

1) To optimize the flocculation of microalga Nannochloropsis oculata via response surface  

methodology, and investigate the interaction effects among different flocculation  

conditions. 

2) To investigate the mechanism of microalgae flocculation with metal salts. The theory of  

Derjaguin, Landau, Verwey and Overbeek (DLVO) was applied to describe the cell-to- 

     cell interactions.  

3) To investigate mechanisms of algal attachment to solid carriers. A thermodynamic model  

 was developed to describe cell to substrata interactions and facilitate the selection of        

 materials and algal species for promoted attachment. 
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4) To investigate the effects of solid carrier texturing on microalgal attachment. The results  

     were used to improve the design and performance of solid carriers. 

5) To investigate the role of carrier materials and their surface roughness in algal attachment. 
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Chapter 2 Current State of Knowledge 

 

2.1 Current algae cultivation technologies 

2.1.1 Suspended algae production 

Suspended algae production systems can be categorized as either open or closed systems. 

Open systems include natural waters (lakes, lagoons, and ponds), artificial ponds, and 

containers, where the medium and algae are open to the air. For closed systems, also called 

photobioreactors (PBR), the medium and algae are not exposed to the atmosphere but are 

covered with a transparent material or contained inside transparent tubes. 

2.1.1.1 Open systems 

The ideas of using open-pond systems to produce algae for conversion to biofuels first 

appeared in 1950s [1-4]. These ideas were either conceptual or demonstrated only at the 

laboratory scale. Between 1976 and 1980, projects were funded by the U.S. government to 

develop methods to grow algae in open ponds for wastewater treatment and biomass 

production [5, 6]. The initial focuses of these projects were algae species control and biomass 

harvesting in wastewater treatment. Paddlewheel-mixed shallow raceway ponds, as shown in 

Figure 2.1, were built and tested. Outdoor test results were not encouraging. Target algae 

species were quickly replaced by other fast-growing wild species [7]. Thereafter, efforts were 

made to determine what pond operating factors could allow control over algae species. 

Extensive experiments were carried out in 12 m2 ponds and a relatively large 0.25-ha pilot 

pond. Results were again discouraging. It was concluded that the tested methods could not  
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lead to high algae biomass productivity and effective harvesting processes at the same time. 

Other similar studies were also conducted during this period of time, such as those at 

Lawrence Livermore National Laboratory, using filters for algae harvesting [8], and those at 

Columbia University, using membrane systems for algae harvesting [9]. None of these trials 

was successful in finding any strategy for algae species control and cost- effective biomass 

harvesting. 

 

 

 

Figure 2.1 A raceway pond system [1]. 
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      Between 1978 and 1996, DOE supported a series of projects focusing on algae for biofuel 

production under the Aquatic Species Program (ASP). Extensive work was carried out on 

species isolation, selection, and characterization at the laboratory scale [7]. Two outdoors 

projects were conducted by ASP, one in Hawaii using an algal raceway production system 

(ARPS) and the other in California using a high-rate pond (HRP) system. The ARPS was 

airlift mixed (an airlift device serves the dual purposes of a pump and a gas exchanger that 

removes the oxygen produced by photosynthesis) and used very shallow raceway flumes 

(<10 cm) covered by filters to screen out infrared radiation. The HRP was paddlewheel 

mixed (with a mixing velocity of 10-20 cm/s) and had a moderate depth (15-30 cm). The 

basic raceway designs of the two systems were similar and are shown in Figure 2.1. Each 

system was tested for more than six years. The ARPS could achieve high algae biomass 

productivity occasionally, but results were speculative [7,10,11]. It was also concluded that 

lack of land area and high costs would make this process impractical for fuel production [12]. 

The HRP project achieved a productivity of 15 to 25 grams dry biomass per m2 per day 

during the eight-month growing season; however, oil content and species control were not 

satisfactory [7]. The follow-up projects supported by ASP, in Israel [13-15] and in New 

Mexico [16,17], yielded similarly low biomass productivity in large-scale ponds. It was 

concluded that “the high cost of algae production remains an obstacle.” ASP’s 

recommendations for future research included fundamental small-scale studies to improve 

algae biomass productivity [7]. 

      After termination of ASP, the paddlewheel-driven HRPs became popular in commercial 

algae production [18,19] because they were easy to build and operate. However, to date, only 
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a few species can be cultivated successfully at a commercial scale in open ponds [20,21]. 

Profitable production of these algae is limited to manufacturing of high-value health foods. 

Production costs are too high for energy manufacturing [22,23] due to low oil productivity, 

difficult species control, and high harvesting costs. These challenges remain to be addressed 

for open systems [24]. 

2.1.1.2 Closed systems 

Of the different designs of closed systems, most consist of tubes of various shapes, sizes, and 

lengths using various transparent materials such as glass and plastics. Figure 2.2 shows three 

popular designs of closed systems. A turbulent flow inside the tubes is required to prevent 

algae cells from sedimentation. Mechanical pumps are commonly used to provide the 

turbulent flow, although sometimes they can damage algae cells due to intense hydrodynamic 

shear forces [25-28]. Airlift-mixed closed systems have also been employed [29-33]. 

Unlike open systems, closed systems allow for essentially single-species algae production 

and better control of temperature, pH, and nutrients for prolonged durations. However, such 

advantages could become available only for highly expensive designs or operations [18]. For 

example, completely sterile conditions can only be achieved in a few small, expensive, 

specially designed systems for specialized purposes [18]. It is commercially impractical to 

create a cultivation environment (temperature, light intensity, pH, nutrients, etc.) independent 

of external environment because of high investment and operating costs [36]. For these 

reasons, large-scale algae production using closed systems [34,37-40] has been mainly 

proposed for high-value products [41] such as polyunsaturated fatty acids (used for food  

supplements that are believed to be capable of reducing human coronary heart disease [42])  
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and pharmaceutical products (e.g., anti-cancer chemicals). As for the purpose of energy 

manufacturing, one typical example of using closed systems to produce biofuels is GreenFuel 

Technology [43], a company founded in Cambridge, Massachusetts, in 2001. The company 

has patented several designs of closed systems that can use flue gas from power plants for 

algae growth. However, it has not reported any profitable commercial applications. It has 

been shown that the company’s technologies would not be commercially viable for fuel 

prices below $800/barrel [44]. 

 
 

 

Figure 2.2 Different designs of closed systems: (A) horizontally aligned straight tubular array [1], (B) vertically 

aligned fence-like straight tubular array in a greenhouse [34], and (C) helical coil tubular closed system [35]. 
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      There are at least two problems associated with suspended algae production (using either 

open or closed systems). One is the low algae concentration in the medium. A typical 

concentration for both systems is one gram dry algae per liter of water. This is approximately 

a mass ratio of 1:1000 (algae to water). Low algae concentration requires a large volume of 

water in growing algae – a key factor in the design of both open-pond and closed systems. 

Large water volume means large size of systems, and therefore, high investment costs and 

more land demand. Another problem is the high harvesting costs incurred while separating 

the low-concentration and small (<20 um) algae from water.  

2.1.2 Nonsuspended algae production 

Nonsuspended algae production involves use of certain types of solid carriers for algae to 

attach to and grow on. It includes enclosure and nonenclosure methods. 

2.1.2.1 Enclosure methods 

Enclosure methods involve use of a polymeric matrix to confine algae cells in a particular 

region of space, or use of encapsulation to prevent algae cells from being washed away. 

Figure 2.3A shows cells attached to a fibrous material under a microscope, and Figure 2.3B 

illustrates encapsulated cells in a gel bead. 

The concept of growing cells on solid carriers came from the development of enzyme 

technology [46-48]. The technology has been widely used in industry for enzyme, yeast, or 

bacterial cultures [49-53], but its applications on algae production are limited and have been 

at the laboratory scale only [54]. Most reported efforts to date of growing entrapped or 

enclosed algae have focused on wastewater treatment because of better species control, faster 

removal rates of pollutants, avoidance of washout, etc. [41,55,56]. A few algae species and  
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various polymers have been successfully applied to wastewater treatment [57-60]. However, 

a major problem with these enclosure nonsuspended algae production systems is the 

prohibitive cost of the polymeric matrix when scaled up [54]. This is probably why there has 

been no report on use of this technology for large-scale algae production to manufacture 

biofuels. 

 
 

 

Figure 2.3 Enclosure methods: (A) entrapment [45], and (B) encapsulation. 
 

 

2.1.2.2 Nonenclosure methods 

There are reports on methods of growing algae on solid carriers without enclosure. Most of 

these methods were for wastewater treatment [61-65]. One such method was known as algal 

turf scrubber (ATS) [66]. Figure 2.4A shows a schematic diagram of the ATS system used 

for wastewater treatment at the laboratory scale. Essential elements are solid support for 

growth and harvesting of algae, as well as wave surge for agitation. Success of this method 

 has been reported in wastewater treatment and algae biomass production [64,65]. Another 

method, illustrated in Figure 2.4, involves using a rotating disk or drum partially submersed  
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in wastewater tanks, and algae can grow on the disk or drum. Successful applications of this 

method to wastewater treatment have also been reported [62,68]. Success in using the non-

enclosure methods described above for wastewater treatment proved the feasibility of using 

solid carriers (e.g., algae turf support, rotating disk or drum) for algae production and 

harvesting. 

 
 

               

Figure 2.4 Nonenclosure methods: (A) algal turf scrubber [64], and (B) rotating drum [67]. 

 

 

2.2 Harvesting and dewatering of algal suspensions 

The concentration of microalgae is very low for current large-scale culture methods and the 

size of algae is only a few micrometers. These two aspects make the harvesting and further 

concentration of algae difficult and therefore expensive. The selection of harvesting 

technology is crucial to economic production of microalgal biomass. Currently widely used 

microalgae harvesting methods include sedimentation, filtration, flocculation and 

centrifugation. The comparison of the four harvesting methods is shown in Table 2.1. The  
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technically simplest option is the use of sedimentation. But this method requires additional 

settling spaces and is reported to have low biomass recovery rate [69]. Filtration is a slow 

and species dependent process, so a very large total capacity system would be required to  

keep up with the production of a large algae farm. Centrifugation is also too costly and 

energy intensive for large-scale biofuel production although it has high biomass recovery rate. 

Considering the features of the four approaches, flocculation might be a promising harvesting 

or pre-harvesting method due to its relative high biomass recovery rate achieved at lower 

capital and energy cost. 

 
 

Table 2.1 Comparison of the four harvesting method [69]. 

Harvesting 
methods Centrifuge Filtration/ 

screening Flocculation Settling/ 
sedimentation 

SCA (%) High (<20%) Medium to high 
(5-18%) Low (<6%) Low (0.5-3%) 

Capital cost 
(US$/ha) 12,500 9,884 2,000 7,000 

Operating cost Very high ($20-
50/gal) Medium to High Low ($0.2 1.5/gal) Low to medium 

Cell recovery 
efficiency >90% 20-87% 50-90% 10-50% 

Applicable algal 
species 

Almost all algae 
species except 

those very fragile 

Algae with big 
cells 

Algae with low 
density, such as 
Scenedesmus, 

Chlorella, 
Dunaliella, 

Micractinium 

Algae with high 
cell density, such 
as Micractinium, 

oelastrum 

 

 

Flocculation of algae has been studied for decades and a wide range of approaches have 

been explored. These approaches range from traditional flocculation methods (e.g., chemical 

flocculation) that are also widely used in other fields of industry to novel attempts based on 
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the biology of microalgae (e.g., bio-flocculation) and the use of emerging technologies (e.g., 

use of electric and magnetic field) [70]. 

There are two main types of flocculants for the traditional chemical flocculation: 

inorganic flocculants such as multivalent metal salts and organic polymers/polyelectrolyte 

flocculants. Commonly used multivalent metal salts include aluminum sulphate (Al2(SO4)3, 

alum), ferric chloride (FeCl3) and ferric sulphate (Fe2(SO4)3). Alum is an effective flocculant 

and has been widely used to flocculate algal biomass in wastewater treatment processes. 

Ferric sulfate was used too, but found to be inferior in comparison with alum, regarding the 

optimal dose, pH and the quality of the resultant water and slurry [71]. The other type of 

flocculants is polyelectrolyte, e.g. cationic polymer chitosan. The effectiveness of 

polyelectrolytes depends on many factors, including the molecular weight, the charge density 

on the molecule, the biomass concentration and pH of the broth. In comparison with metal 

salts, polyelectrolytes are expensive but not toxic to animals, so it may be used in many areas 

that are not applicable to metal salts, such as aquaculture, animal feed or fertilizer. The 

reported recovery efficiency of above chemical flocculants varied widely even for the same 

species and variable amounts of flocculants were required for different algal species [72-74]. 

Valdes et al. [73] investigated the efficiency of three chemical flocculants (aluminum sulfate, 

ferric chloride, and chitosan) on harvesting marine algae (Nannochloropsis sp.). The results  

showed that both aluminum sulfate and ferric chloride had high flocculation efficiency on 

Nannochloropsis sp., the maximum biomass recovery rate of 80% and 90% were achieved by 

using 70 μM aluminum sulfate and 70 μM ferric chloride with pH ranging from 6.5-8, 

respectively. The maximum biomass recovery achieved by using chitosan (125 μM) was only 
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37.7% at pH 8.5. However, chitosan was found effective (90% recovery rate) on other 

microalgae, such as Tetraselmis chui, Thalassiosira pseudonana, Isochrysis sp,, Spirulina, 

Oscillatoria and Chlorella [69]. Heasman et al. [74] tested the flocculation of seven 

microalgae species using chitosan as flocculant. It was found that optimal chitosan dosages 

ranged from 40 mg/L for Tetraselmis chuii, T. Isochrysis sp and Thalassiosira pseudonana, 

to as high as 150 mg/L for Chaetoceros muelleri [74]. 

Effective flocculation can be also achieved simply by changing pH of the algal broth for 

some species, which is called auto-flocculation. This phenomenon has been induced under 

alkaline conditions with the presence of phosphate and divalent cations [75]. Increases in pH 

of algal cultures can occur naturally by CO2 consumption in algal photosynthesis cycles or 

by direct addition of alkali. Mg2+ and Ca2+, two common chemical ions in the algae media, 

have been proved to be the active auto-flocculation agents. Calcium hydroxides are formed at 

pH 8.5 and above [76]. Magnesium hydroxide precipitates appear only when pH is above 10 

[76]. These precipitates interact with algal cells and caused the flocculation. Excess 

phosphate ions are required for this type of flocculation to occur. Auto-flocculation 

associated with increasing pH of the culture medium is a promising harvesting method 

because of its low-cost consumption, non-toxic to microalgae cells and free of additional 

flocculants. However, this method was only tested to small number of microalgal strains and 

has rarely been reported to date. 

Another important step in flocculation is bio-flocculation of microalgae with 

microorganisms such as fungi, bacteria and other natural flocculating algal species. Bio- 

flocculation seemed to be a promising and inexpensive method for harvesting algae since the  
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energy consumption is reduced and no extra chemicals are needed in this process [77]. 

However, the formation and sedimentation of algal aggregates could be a lengthy process 

depending on the bio-flocculants and the surface compositions of microalgae, requiring 24 

hours to 2-3 weeks for settling to occur with relative high recovery rates ranging from 85% to 

95% [78]. Recently a natural flocculating diatom Skeletonema was found to be capable of 

inducing flocculation in a culture of another high lipid species Nannochloropsis [79]. 

Bacteria or fungi can also induce bio-flocculation of microalgae. Some fungi, for instance 

have positively charged hyphae that can interact with the negatively charged microalgal cell 

surface and cause flocculation [70, 80, 81]. Specific consortia of bacteria can induce bio-

flocculation and has been applied successfully in wastewater treatment [82, 83]. However the 

production of these bio-flocculants (fungi, bacteria and diatoms) requires different cultivation 

conditions which leads to additional medium costs and will evoke undesirable microbial 

contamination of the algal production plant [77]. 

Addition of flocculants would be avoided if it were possible to induce flocculation by 

applying only physical forces [70]. For instance, flocculation of microalgae can be 

accomplished by applying a field of standing ultrasound waves. Although this method works 

well in the laboratory, it is difficult to apply on larger scales [70, 84]. In electrocoagulation 

flocculation, flocculation can be achieved by passing an electrical current between two 

electrodes: a sacrificial metal anode (most commonly aluminum or iron) and a cathode [85]. 

Metal ions releasing from the sacrificial anode can destabilize microalgae by reducing or 

neutralizing the negative cell surface charge [85]. The electrophoresis technique is 

advantageous, as it do not require addition of chemicals; however its applicability for algal  
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harvesting might be limited as it requires considerable energy inputs and periodic 

replacement of electrodes [86]. Recently, several studies have explored the use of magnetic 

nanoparticles to harvest microalgae [87-89]. After addition of the magnetic nanoparticles into 

the algal broth, the particles may absorb directly on the algal surfaces and the particle-coated 

cells were separated from the medium by applying an external magnetic field. An advantage 

of using magnetite nanoparticles for harvesting microalgae is that the nanoparticles can be 

recovered after harvesting and subsequently reused [70]. However it was found that the 

adsorption of magnetic particles was dependent on algal species, which may limit the 

application of this technique [88]. 

      Among these flocculation methods, the practice of chemical flocculation is the most 

widely used method to remove microalgae from water. The application of bio-flocculation 

and other physical flocculation techniques is a promising development and several issues 

need to be considered such as the operation costs and applied algae species. Although 

flocculation has been shown to produce favorable results in separating dilute algae from 

growth media, the cause for the difference in flocculation behavior between algal species has 

not yet been identified. A fundamental understanding of the flocculation process is critical to 

overcome the economic hurdle in the large-scale production of biofuel from algal biomass. 
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Chapter 3 Flocculation optimization of microalga 
Nannochloropsis oculata 

 

 

Abstract: The objective of this work was to understand and optimize the flocculation of a 

marine alga Nannochloropsis oculata with two cationic salts, aluminum sulfate (A.S.) and 

ferric chloride (F.C.). Based on single-factor and response-surface-methodology experiments, 

second-order polynomial models were developed to examine the effect of initial algal 

biomass concentration (IABC), pH, and flocculant dose (FD) on final solid concentration of 

algae (SCA). The experimental and modeling results showed that SCA favoured low pH, 

which however was undesirable to biomass recovery rate. There existed a positive 

stoichiometric relationship between FD and IABC; higher IABC required higher FD, and 

vice versa, for higher SCA. Optimum flocculation conditions were predicted at IABC of 1.7 

g/l, pH 8.3, and FD of 383.5 µM for A.S., and IABC of 2.2 g/l, pH 7.9, and FD of 438.1 µM 

for F.C., under which the predicted maximum SCA were 32.98 and 30.10 g/l by using A.S. 

and F.C., respectively. The predictions were close to validation experimental results, 

indicating that the models can be used to guide and optimize the flocculation of N. oculata 

using A.S. and F.C. as the flocculants. 
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3.1 Introduction 

Microalgae are one of the most promising renewable energy sources because of their 

tremendous potential in lipid production, less reliance on freshwater and arable lands 

compared to other oil crops, high efficiency in CO2 biofixation, and possibility of combining 

with wastewater treatment [1-4]. However, cost-effective harvesting of microalgae is still a 

major challenge, which accounts for about 20-30% of the total production cost and 10% of 

the total energy utilization in algal biomass production [5-6]. Table 3.1 summarizes the 

efficacy of four commonly used algal harvesting methods. Compared to the other methods, 

harvesting of algal cells by flocculation is reasonably effective with low capital investment 

and low operating costs. It also allows rapid treatment of large quantities of algae with 

scalability [7-9], thus, flocculation has been widely used in harvesting both freshwater (e.g., 

Scenedesmus, Chlorella, Spirulina, Botryococcus braunii and Oscillatoria) and marine algae 

(e.g., G. impudicum, Nannochloropsis and Synechocystis) [13-15]. 

 

Table 3.1 The comparison of four microalgae harvesting methods. 

Harvesting method Centrifuge Filtration/screen
ing Flocculation Settling/sedim

entation 

Algal solid concentration  High (<20%) Medium to high 
(5-18%) Low (<6%) Low (0.5-3%) 

Biomass recovery rate  >90% 20-87% 50-90% 10-50% 

Applicable algal species 

Almost all 
algae species 
except those 
very fragile 

Algae with big 
cells 

Almost all 
algae species 

Algae with big 
cells and high 
cell density 

Capital cost (US$/ha) 12,500 9,884 2,000 7,000 

Operating cost Very high 
($20-50/gal) Medium to High Low  

($0.2-1.5/gal) 
Low to 
medium 

Reference [8,10-11] [8, 11-12]  [8, 10, 13-15] [7-8, 10, 13] 
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      Flocculation is triggered by adding either chemical or microorganism flocculants into 

algal broth or modifying the culture medium to aggregate cells and recover the biomass [15-

16]. Generally, microalgal cells carry negative charges that prevent them from aggregation in 

suspension. The surface charge can be reduced or neutralized by adding flocculants such as 

multivalent cations (e.g., alum, aluminum sulfate, ferric chloride, calcium oxide) and cationic 

polymers (e.g., chitosan, polyacrylamide, polyferric sulfate) into the cultures. Flocculation of 

algal biomass is particularly sensitive to the pH and ionic strength of the culture medium and 

the flocculant dose (FD). Valdes et al. [17] investigated the efficiency of three chemical 

flocculants on harvesting marine algae Nannochloropsis sp. Results showed that the 

maximum biomass recovery rate (BRR) of 80% and 90% were achieved by using 70 μM 

aluminum sulfate (A.S.) and 70 μM ferric chloride (F.C.), respectively, with pH ranging from 

6.5-8. Low BRR of 37.7% was obtained by using 125 μM chitosan at pH 8.5. Nevertheless, 

chitosan was found effective (BRR of 90%) on other microalgae, such as Tetraselmis chui, 

Thalassiosira pseudonana, Isochrysis sp, Spirulina, Oscillatoria and Chlorella [15, 17-19], 

which indicates that in addition to the flocculant used, flocculation is also strongly dependent 

upon the species treated [5]. On the other hand, the flocculant dose and pH of the culture 

were also found to influence flocculation efficiency. For example, Grima et al. [5] found that 

the flocculation efficiency of metal ions generally increased with increasing ionic charge. 

Sirin et al. [20] reported that the optimal A.S. to biomass concentration ratio was 0.27 

(mg/mg) at pH 5.9 for flocculating marine algae Phaeodactylum tricornutum. However, the 

optimal flocculant dosage varied with different pH levels or microalgae strains. 

      Algal biomass recovery rate, BRR in short, has been considered in most studies of algae  
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flocculation [17, 21]. BRR represents the percentage of algae retained in the concentrated 

broth, however, it cannot tell the dewatering rate (DR) of harvesting, which is critical in 

downstream biomass processing, such as cell disruption, lipid extraction, and product 

separation, especially when drying of biomass is needed. Table 3.2 summarizes the energy 

consumption in each step of dry-algae-based lipid extraction [14]. Drying is the most energy 

intensive among all the steps. It is nine times of the energy spent on harvesting by 

flocculation/filtration. Solid concentration of algae (SCA) is a factor that relates to both BRR 

and DR. It reflects the dry weight concentration of algae in the final harvested broth as a 

result of biomass recovery and dewatering, therefore, it is very important to achieve the 

highest possible SCA in algae harvesting to reduce energy consumption in drying while 

keeping BRR in consideration. 

 
 

Table 3.2 Energy consumption in dry-mass based lipid extraction of microalgae [21]. 

Process Culture Harvesting Drying Lipid extraction 
Solid concentration 0.2% 10% 66.7% 66.7% 

Algal biomass dry weight (g/kg) 2 2 2 2 
Cell water (g/kg) 8 8 4 4 
Free water (g/kg) 990 10 0 0 

Energy consumption (kWh/kg) 0.5 0. 5 4.5 0.5 
 
 
 
 
      The objective of this work was to understand and optimize the flocculation of 

Nannochloropsis oculata using aluminum sulfate (Al2(SO4)3.14H2O) and ferric chloride 

(FeCl3.6H2O) as the flocculant. Although these two flocculants have been widely tested on 

various microalgae, such as Botryococcus braunii, Chlorella sp, Phaeodactylum tricornutum,  
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and Nannochloropsis sp [8, 15, 19, 22], their optimization on N. oculata for maximum solid 

concentration has not been studied to our best knowledge. In this study, second-order 

polynomial models were developed using response surface methodology (RSM) to maximize 

the final solid concentration of harvested algae. 

3.2 Materials and Methods 

3.2.1 Algae culture 

The marine alga N. oculata (UTEX 2164) was obtained from the University of Texas at 

Austin Culture Collection of Algae (Austin, TX). Algae were grown in Erlenmeyer flasks 

and then transferred to a 20-L flat panel photobioreactor (PBR) made of clear transparent 

glass at 20-inch-long, 4-inch-wide, and 16-inch-high. Continuous illumination by cool white 

fluorescent lamps of 100 to 120 µmol photons/m2/s at 12h: 12h light:dark period was 

provided. The culture temperature was regulated at 23 ± 2 ˚C by in-door air-conditioning. 

Aeration of 0.1 vvm was provided by air bubbling to the bottom of the PBR using an 18-inch 

air stone connected to an air pump. The medium recipe was optimized from a previous study 

[23], containing 36 g/l instant ocean sea salt supplemented with 0.54 g/l urea and 13.2 mg/l 

K2HPO4. At the end of the culture, algal cells were settled for two days to increase the 

biomass concentration and then immediately re-suspended to various concentrations for 

flocculation tests. 

3.2.2 Zeta potential measurement and pH-induced flocculation experiments 

It is well known that pH plays an important role in algae flocculation and adjusting pH alone 

has been widely used as an effective way of concentrating some algal species [5, 15, 20, 24]. 

pH affects the cell surface charge thus leads to changes of repulsive forces among cells to  
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influence flocculation [25]. In order to understand the effect of pH change on cell surface 

charge and flocculation, cell zeta potential under various pH (5, 7, 9, and 10) at four Na+ 

concentrations (0, 10, 100, and 500 mM) were measured using a ZetaPALS Zeta Potential 

Analyzer (Brookhaven Instruments Corporation, Holtsville, NY). Algal cells in the 

exponential growth phase were collected and washed three times with distilled water, and 

then resuspended in NaCl solution with Na+ concentrations ranging from 0 to 500 mM. The 

cell concentration was approximately 4×105 cells/ml for each sample. The pH was adjusted 

by the addition of 0.5 M HCl or NaOH. Measuring the zeta potential at pH 11 was not 

successful because cells rapidly aggregated. All experiments were carried out at room 

temperature with duplicates. SCA and BRR (defined in the section of “data analysis”) were 

also measured and calculated in the pH range of 5 to 11. 

3.2.3 Single-factor flocculation experiments 

In order to choose appropriate ranges of IABC, pH and FD for RSM experimental design, 

single-factor experiments were conducted (Table 3.3). Three levels for each parameter 

designated as low, medium, and high were independently studied. The range of 0.9 to 2.5 g/l 

was chosen for IABC because such a range is common in open-pond or PBR algal culture 

systems. Research showed that microalgae cells tend to coagulate in alkaline media [5, 8], 

therefore, pH of 6, 9 and 12 were tested. The optimal range of A.S and F.C. were reported 

from 50 to 250 mg/l [26-28], thus, the range of 28.7 to 316.3 µM was chosen in this study. 
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Table 3.3 The single-factor experimental design. 

Factor Level No IABC (g/l) pH FD (µM) 

IABC 
Low A1 0.9 9 172.5 

Medium A2 1.7 9 172.5 
High A3 2.5 9 172.5 

pH 
Low A4 1.7 6 172.5 

Medium A5 1.7 9 172.5 
High A6 1.7 12 172.5 

FD 
Low A7 1.7 9 28.7 

Medium A8 1.7 9 172.5 
High A9 1.7 9 316.3 

 

 

3.2.4 RSM and validation experiments 

RSM is widely used in the optimization design of multi-parameter multi-level experiments. 

In this study, the central composite design (CCD) of RSM was introduced to analyse the 

effect of IABC, pH and FD on flocculation efficiency of A.S. and F.C. Table 3.4 shows the 

complete CCD that has 18 experiments for each flocculant, including 8 fractional factorial 

designs (23), 6 star points (2×3), and 4 replicates at centre points. Based on the results from 

the single factor experiments, IABC was chosen from 0.4 to 3.0 g/l with a center point of 1.7 

g/l, pH ranged from 7 to 11 with a center point of 9, and FD was set at 70 to 562.5 µM with a 

center point of 316.3 µM for both A.S. and F.C. According to orthogonal quadratic design of 

the response surface, the parameter of α was chosen to be 1.414. 

The following procedures were followed in all flocculation experiments. First, the IABC 

was adjusted by adding the culture medium to pre-concentrated cells, and then the pH of each 

sample was adjusted by adding 0.5 M NaOH or HCl solutions. The correct amount of 

flocculant was then added into each sample and the sample was completely mixed and 100ml 
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sample was transferred to a 100-ml glass Class A graduated cylinder (tolerance 0.4 ml with 1 

ml subdivision) and let settle for 4h. At the end of the 4-h period, the volume of the upper 

clear supernatant was read, and a fraction of the supernatant was carefully removed using a 

fixed volume pipetter without disturbing the bottom concentrated algae. Biomass dry weight 

concentrations of algal samples before flocculation and in the supernatant were measured by 

vacuum-filtering the sample on pre-weighed glass-fiber filter paper (55 mm, nominal pore 

size 1.2 μm). The filters were then rinsed with 10-ml 0.65 M ammonium formate solution to 

remove salts [29], and dried at 105˚C in an oven for 5 h. Algal biomass dry weight was 

determined by the difference of the two weights. 

 
 

Table 3.4 The central composite design of RSM experiments. 

 Coded factors Actual values 

No. IABC pH FD IABC 
(g/L) pH FD (µM) 

B1 -1 -1 -1 0.8 7.6 142.1 
B2 1 -1 -1 2.6 7.6 142.1 
B3 -1 1 -1 0.8 10.4 142.1 
B4 1 1 -1 2.6 10.4 142.1 
B5 -1 -1 1 0.8 7.6 490.4 
B6 1 -1 1 2.6 7.6 490.4 
B7 -1 1 1 0.8 10.4 490.4 
B8 1 1 1 2.6 10.4 490.4 
B9 -α 0 0 0.4 9.0 316.3 

B10 +α 0 0 3.0 9.0 316.3 
B11 0 -α 0 1.7 7.0 316.3 
B12 0 +α 0 1.7 11.0 316.3 
B13 0 0 -α 1.7 9.0 70.0 
B14 0 0 +α 1.7 9.0 562.5 
B15 0 0 0 1.7 9.0 316.3 
B16 0 0 0 1.7 9.0 316.3 
B17 0 0 0 1.7 9.0 316.3 
B18 0 0 0 1.7 9.0 316.3 
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3.2.5 Data analysis 

BRR, DR, and SCA are defined by Equations (1-3) below: 

                      (1) 

                                                                (2) 

                                       (3) 

where BC1 is the initial algal biomass concentration before flocculation (g/l); BC2 and V are 

the biomass concentration (g/l) and volume (l) of the supernatant; DR is the dewatering rate 

(%). A second-order polynomial equation was developed to investigate the effect of 

independent variables in terms of linear, quadratic and interactions as the following equation: 

         (4) 

where Y is SCA (g/l); X0 stands for the model intercept; X1, X2, X3 are the levels of IABC, 

pH, and FD, respectively; ai…aij are the regression coefficients. The Design Expert software 

version 7.0 (Statease, Minneapolis, MN) was used to formulate and analyze the models. 

3.3 Results and Discussion 

3.3.1 pH effects 

As can be seen from Figure 3.1a, cell surface zeta potential was strongly dependent on the 

pH of the culture medium. When pH was below 7 or above 9, the negative charges of cell 

surfaces were reduced as the medium became more acidic or basic. Microalgae membrane 

and extracellular polymeric substances are mainly composed of polysaccharides, proteins,  
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and lipids [24]. At low pH, the dissociation of carboxyl groups is inhibited, while the 

dissociation of amine groups is enhanced, so the negative surface charge of algae is 

weakened [30]. When pH was above 9, microalgae cells may release extracellular polymeric 

substances to protect themselves from the environment, which may cause the change of 

surface charges. The effect of ionic strength on zeta potential can also be seen from Figure 

3.1a. Higher Na+ concentrations reduced the negative charges of cell surface, which however 

was dependent on the pH. It seems between pH 7 and 9, zeta potential was stable regardless 

of Na+ concentration change. Out of the range of pH 7 to 9, the lower or the higher the pH 

was, the more significant effect Na+ concentration change had on zeta potential. 

Figure 3.1b shows SCA and BRR vs. pH without using flocculants. When pH was equal 

to or below 9, a small amount of cells were concentrated. The calculated SCAs were higher 

than 40 g/l but BRRs were lower than 50% meaning that the majority of cells were not 

collected. This highly concentrated but insufficient flocculation is believed to be triggered by 

charge neutralization at high H+ concentrations. It must be noted that the calculation of SCA 

and BRR in this case may not be very accurate because the boundary between the 

supernatant and bottom layer was not clear and the height of the concentrated layer was small 

when pH was below 9. When pH increased from 9 to 11, BRR increased rapidly and SCA 

decreased quickly. Sukenik et al. [24] found that under alkaline conditions, several inorganic 

salts in the culture medium may precipitate thus affecting the stability of the algal suspension 

and cause flocculation. Mg2+ and Ca2+, two common chemical ions in the medium, have been 

proven to be active autoflocculation agents. Calcium hydroxides are formed at pH 8.5 and 

above. Magnesium hydroxide precipitates only when pH is above 10 [24]. These precipitates  
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interact with algal cells and trap small algal cells into large flocs to cause sweep flocculation 

[31], which may explain the high cell recovery rate but low cell concentration in this study 

when pH was above 9 without using any flocculant. 

 
 

  
 

Figure 3.1 The effect of pH and ionic concentration on zeta potential of algal cells (a) and the effect 
of pH on SCA and BRR (b). 

 
 
 
 

3.3.2 Single-factor analysis 

Figure 3.2 shows the effect of IABC, pH and FD on SCA and BRR by using A.S. as the 

flocculant. It seems A.S. favored medium initial biomass concentration, medium pH, and 

high flocculant dose for higher SCA (Figure 3.2a). Similar to results shown in Fig 3.1b, BRR 

had an opposite trend as SCA. The settings that achieved higher SCA yielded lower BRR 

(Figure 3.2b), indicating that it is difficult to achieve the highest SCA and BRR at the same 

time. To understand this phenomenon, the flocculation mechanism of cationic salts has to be 

considered. In the case of Al3+, it is probable that charge neutralization takes place 

immediately after the addition of alum and effectively lowers the barrier to enable cell  
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aggregation. In addition, under appropriate pH and other conditions such as temperature and 

salinity, aluminum hydroxide precipitation can occur. The precipitation grows independently 

of cell population, enmeshing cells into larger flocs [32-33]. It is apparent that the formation 

of flocs can increase BRR, however, SCA is usually reduced due to Al(OH)3 precipitates 

surrounding cells. This may explain why SCA has a negative relationship with BRR, and one 

has to balance the degree of flocculation because both parameters can be important 

depending on the requirement of the process. 

 
 

 
Figure 3.2 The effect of initial algal biomass concentration, pH, and flocculant dose of A.S. on SCA 

(a) and BRR (b). 
 
 
 
 
      Ferric chloride showed similar results as A.S. by reaching the highest SCA at medium IA

BC and high FD, however, F.C. favored low pH (pH 6) instead of medium pH for A.S.  

(Figure 3.3a). According to Hansjoachim and Dobias [34], salts such as A.S. and F.C. consu-

me alkalinity, which may necessitate the addition of an alkaline agent. Equations (5) and (6)  

show the chemistry of iron and aluminum hydroxide formation: 
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                (5) 

                            (6) 

Theoretically, A.S. needs double amounts of OH- as F.C. It may explain why higher pH 

was preferred by A.S. BRR of F.C. also had an opposite trend as SCA just like in the 

experiments of A.S. (Figure 3.3b). Considering that most growing algal broth has a natural 

pH of 8-10, we decided to choose pH 9 as the center point for F.C. in RSM experiments. 

Thus, in the second step RSM experiments all the center points were the same for A.S. and 

F.C., which were 1.7 g/l IABC, pH 9, and 316.3 µM FD. 

 
 

 
Figure 3.3 The effect of initial algal biomass concentration, pH, and flocculant dose of F.C. on SCA 

(a) and BRR (b). 
 
 
 
 
3.3.3 Second-order model analysis 

Second-order polynomial models were developed to analyse the effect of independent 

variables (IABC, pH and FD) on SCA with flocculants A.S. and F.C. The equations in terms 

of coded factors (not actual values) are shown below: 
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(7) 

         

(8) 

      The significance of the regression models and individual variables were determined at 

95% confidence level. As shown in Table 3.5, the P-values of both models are lower than 

0.05, which indicates that the two models are all statistically significant. Based on the P-

values, all the three variables of IABC, pH and FD, as well as their interactions and square 

terms except IABC x pH for A.S. were significant on SCA in both models. 

 
 

Table 3.5 Analysis of variance of second-order polynomial models. 

Source 
A.S. F.C. 

Sum of 
Squares F-value p-value Sum of 

Squares F-value p-value 

Model 2111.2 9.386939 0.0037* 1630.001 133.6587 < 0.0001* 
IABC 148.1886 5.929965 0.0451* 21.4716 15.84587 0.0073* 

pH 482.6136 19.31242 0.0032* 473.4344 349.3909 < 0.0001* 
FD 478.1429 19.13352 0.0033* 407.7618 300.925 < 0.0001* 

IABC×pH 28.90874 1.156822 0.3178NS 59.13499 43.64116 0.0006* 
IABC×FD 276.0941 11.04827 0.0127* 183.1611 135.1714 < 0.0001* 

pH×FD 142.1863 5.689774 0.0485* 35.02859 25.85083 0.0023* 
(IABC)^2 1197.887 47.93504 0.0002* 572.9644 422.8433 < 0.0001* 

(pH)^2 226.8322 9.07699 0.0196* 114.003 84.13332 < 0.0001* 
(FD)^2 282.469 11.30337 0.0121* 219.9232 162.3016 < 0.0001* 

Residual 174.9286   8.130167   
Lack of Fit 174.8293 1320.796 < 0.0001 8.103092 299.2832 0.0003 
Pure Error 0.099275   0.027075   
Cor Total 2286.128   1638.131   

*:significant; NS: not significant 
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3.3.4 Interactions between pH and FD 

Figure 3.4 shows the interactions between pH and FD on SCA when IABC was constant at 

the center point of 1.7 g/l. When FD was constant, increasing pH reduced SCA, which is 

consistent with Figure 3.1b. As previously mentioned, low pH can induce cell flocculation 

with high SCA due to charge neutralization. Higher pH can lead to sweep flocculation with 

higher BRR but lower SCA. This can also be explained by Equations (5) and (6); the cationic 

salts consume alkalinity when they are participating in flocculation. When IABC is constant, 

increasing pH increases OH- concentration in the medium that promotes the formation of 

Al(OH)3 or Fe(OH)3, which reduces SCA but increases BRR. On the other hand, when pH 

was constant, increasing FD increased SCA until flocculant was over applied causing SCA to 

decrease. In the early stage of cell flocculation, a certain minimal fraction of cell surface 

must be neutralized with cationic ions for cell coagulation, which is why a critical FD was 

observed to achieve the highest SCA in this study. However, after cell charges and ions reach 

the equilibrium, further increment of ions does not further improve flocculation efficiency 

[35]. Addition of ions at this stage acts as an enhancer by increasing the flocculation size 

(higher BRR but lower SCA) and sedimentation rate by promoting the bridging, binding and 

strengthening of the algal flocs [35]. This explains why SCA started to decrease when FD 

increased above the optimum value. It can also find from Fig. 4a that higher FD was needed 

for higher pH and vice versa. It suggests that high pH has negative effects on SCA but high 

FD can compensate such effects. The trends between pH and FD on SCA of A.S. and F.C. 

were similar, except that A.S. achieved higher solid concentration than F.C. at the same 

flocculation conditions. 
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                                            (a) A.S.                                                                 (b) F.C.  

Figure 3.4 Interactions between pH and flocculant dose on SCA (IABC = 1.7 g/l). 

 
 
3.3.5 Interactions between IABC and pH 

Figure 3.5 shows the interactions between IABC and pH on SCA when FD was at the center 

point of 316.3 µM. The contour lines indicate that SCA favored low pH and medium IABC. 

As previously mentioned, pH plays a significant role in algae flocculation. The minimum 

solubility of Al(OH)3 occurs at pH 6.3 [33], which suggests that flocculation, especially 

sweep flocculation can potentially be enhanced at pH 6.3. For Fe(OH)3, the optimal pH is 

lower than Al(OH)3, at around 4.5-5.5 [34], both prefer low pH. On the other hand, (OH)- is 

critical in algal flocculation as shown by Equations (5) and (6). Higher (OH)- concentrations 

can increase the formation of Al(OH)3 or Fe(OH)3 to cause sweep flocculation. The best pH 

in this experiment seems to be from 7.6 to 8.3 for A.S. and F.C. When the solution becomes 

more acidic or alkaline for a given IABC, SCA decreased probably because of the 

competition between Al(OH)3 or Fe(OH)3 solubility and formation. 
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                                          (a) A.S.                                                                     (b) F.C. 

Figure 3.5 Interactions between initial algal biomass concentration and pH on  

SCA (FD = 316.3 µM). 
 

 

      The effect of IABC on SCA can also be found from Figure 3.5. SCA began to decrease 

when IABC became lower or higher from the optimum point for the given flocculate dose of 

316.3 μM. Higher cell concentration seemed to promote algae flocculation probably because 

cell-cell encounters were more frequent [5] at higher IABC. However, when IABC was 

above the optimum point, the increase of IABC reduced SCA. It is apparent that more cells 

(higher IABC) need more ions to neutralize the negative charges on cells. If the flocculant 

dose is constant but cell concentration is too high, cells cannot be sufficiently neutralized to 

aggregate, leading to lower SCA. In practical applications, desired IABC can be achieved by 

adjusting the sedimentation time prior to flocculation. 

3.3.6 Interactions between IABC and FD 

Figure 3.6 shows the interactions between IABC and FD on SCA when pH was at the center 

point. The contour lines show a positive stoichiometric relationship between FD and IABC; 

higher IABC required higher FD, and vice versa, for higher SCA. As previously explained, a  
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critical minimum FD was needed to neutralize cell surface charges, but over-dose of ions did 

not improve flocculation efficiency [35]. It is also evident that A.S. achieved higher SCA 

than F.C. at the same conditions, which indicates that A.S. is a more effective flocculant than 

F.C. 

 
 

 
                                         (a) A.S.                                                                    (b) F.C. 

Figure 3.6 Interactions between initial algal biomass concentration and flocculant dose  

on SCA (pH = 9). 
 
 
 
3.3.7 BRR vs. SCA 

Although the objective of this study was to optimize SCA, it does not mean that BRR is not 

important to algae flocculation. Table 3.6 summarizes both BRR and SCA obtained from 

RSM experiments. BRR varied from 82.6% to 100.0% and averaged at 94.4% by using A.S., 

and ranged from 60.0% to 100.0% and averaged at 87.9% by using F.C. The results indicate 

that for N. oculata flocculation BRR was high even without optimization, however, SCAs 

were lower than 15 g/l on average. It is therefore more important to maximize SCA than 

BRR for N. oculata. However, because flocculation is dependent on algal species, the same 

conclusion may not be true for other algae. 
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Table 3.6 BRR and SCA of the RSM experiments. 

No. 
A.S. F.C. 

BRR (%) SCA (g/l) BRR (%) SCA (g/l) 
B1 84.3±0.5 6.74±0.15 60.0±0.5 16.00±0.22 
B2 97.0±0.5 2.90±0.10 95.4±0.5 2.92±0.08 
B3 100.0±0.0 5.33±0.10 100.0±0.0 5.33±0.08 
B4 100.0±0.0 10.40±0.10 100.0±0.0 14.44±0.12 
B5 100.0±0.0 8.00±0.12 100.0±0.0 13.33±0.20 
B6 100.0±0.0 8.97±0.13 75.0±0.8 27.84±0.26 
B7 82.6±0.6 9.44±0.14 100.0±0.0 5.00±0.08 
B8 100.0±0.0 10.40±0.10 100.0±0.0 11.30±0.09 
B9 100.0±0.0 5.71±0.08 100.0±0.0 5.71±0.09 

B10 98.9±0.3 3.31±0.09 97.5±0.3 3.44±0.06 
B11 92.2±0.3 31.34±0.22 79.3±0.8 26.97±0.12 
B12 100.0±0.0 6.54±0.11 100.0±0.0 5.15±0.05 
B13 94.9±0.5 2.30±0.05 96.1±0.5 1.92±0.06 
B14 96.6±0.5 32.86±0.24 81.2±0.6 23.01±0.11 
B15 87.7±0.6 29.82±0.18 74.3±0.8 25.26±0.12 
B16 87.7±0.6 29.82±0.18 74.3±0.8 25.26±0.12 
B17 88.3±0.6 30.01±0.15 74.3±0.8 25.26±0.12 
B18 88.8±0.6 30.20±0.10 74.9±0.8 25.45±0.15 

Average 94.4% 14.67 87.9% 14.64 
 

 

3.3.8 Optimization and validation 

The predicted conditions for maximum SCA by Equations (7) and (8) are shown in Table 

3.7. The predicted maximum SCA was 32.98 g/l for A.S. at IABC 1.7 g/l, pH 8.3 and FD 

383.5µM. The predicted condition was validated by triple experiments, and the measured 

SCA was 36.88±0.23 g/l. The prediction was about 10.6% lower than the measurement. The 

measured BRR was 92.0±0.6 % at the optimum conditions, which is reasonably high. The 

predicted maximum SCA for F.C. was 30.10 g/l at IABC 2.2 g/l, pH 7.9 and FD 438.1 µM. 

The measured SCA was 31.08±0.12 g/l and the prediction was about 3.2% lower than the  
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measurement. The measured BRR of 77.6±0.4 % at the optimum flocculation conditions 

seems to be low, which again indicates that A.S. is better than F.C. for the flocculation of  

N. oculata. 

 
 

Table 3.7 The comparison of flocculation efficiencies between model prediction 

 and validation experiment. 

Flocculant A.S. F.C. 
Factors Prediction Validation Prediction Validation 

IABC (g/l) 1.7 1.7 2.2 2.2 
pH 8.3 8.3 7.9 7.9 

FD (µM) 383.5 383.5 438.1 438.1 
SCA (g/l) 32.98 36.88±0.23 30.1 31.08±0.12 

B.R.R - 92.0±0.6% - 77.6±0.4% 
 
 
 
3.3.9 Rough cost estimates  

Table 3.8 shows the cost estimates of flocculation at optimal conditions. To recover 1 kg 

algal powder, the flocculant cost was only $0.02 and $0.035 by using A.S. and F.C., 

respectively. Assuming that model-predicted SCAs can be achieved and electricity will be 

used to dry the concentrated algae, 122 kWh and 145 kWh energy would be needed with 

flocculants A.S. and F.C., respectively. Because SCA achieved by A.S. is higher than by 

F.C., approximately, 19% energy cost can be saved by using A.S. as the flocculant ($6.10 vs. 

$7.25 assuming electricity price of 5¢/kWh). The extremely high drying cost suggests that 

flocculation is more suitable as a pre-concentration method and SCA is important in 

downstream processing if drying is necessary. 
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Table 3.8 Cost analysis of flocculation at optimal conditions. 

 A.S. F.C. 
Cell concentration before flocculation (g/l) 1.7 2.2 
Volume needed for 1 kg algal powder (l) 639.4 585.8 
Flocculant quantity needed (mol) 0.245 0.257 
Unit price of flocculant ($/kg)# 0.125 0.5 
Flocculant cost for 1 kg algal powder ($) 0.02 0.035 
Cell concentration after flocculation (g/l) 36.88 31.08 
Volume after flocculation (l) 27.1 32.2 
Drying energy necessary (kWh) 122 145 
Drying cost ($, assuming $0.05/kWh) 6.1 7.25 

                                     #Based on the average quoted price of potential vendors 

 
 

3.4 Summary and conclusions 

The flocculation efficiency of A.S. and F.C on harvesting marine alga N. oculata was 

studied. Single-factor and RSM experiments were carried out to analyse the reactions and 

interactions of independent variables (IABC, pH and FD) on SCA. Second-order polynomial 

models were also developed to optimize the flocculation conditions for maximum SCA. 

Results showed that a negative correlation between SCA and BRR existed probably because 

of the competition between charge neutralization and sweep flocculation. pH had significant 

effects on SCA and BRR. Low pH was desirable to SCA but was unfavourable to BRR. The 

positive stoichiometric relationship between IABC and FD was apparent; higher IABC 

required higher FD, and vice versa, for higher SCA. The predicted maximum SCA for A.S. 

was 32.98 g/l at IABC 1.7 g/l, pH 8.3 and FD 383.5µM, and for F.C. was 30.1 g/l at IABC 

2.2 g/l, pH 7.9 and FD 438.1 µM. The predicted SCAs were validated by experiments with 

acceptable accuracy, indicating that the models can be used to guide and optimize the 

flocculation of N. oculata using A.S. and F.C. as the flocculants. 
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Chapter 4 Investigation into flocculation of microalgae 

with aluminum sulphate 

 

Abstract: The theory of Derjaguin, Landau, Verwey and Overbeek (DLVO) has been widely 

used as a quantitative way to describe the stability of biological systems in term of the 

attractive van der Waals force and the repulsive electrostatic force. In this study, the classical 

DLVO theory was applied to understand the flocculation mechanism of algal cells under 

various pH and aluminum sulphate ionic strengths. And the theoretical predictions were 

compared with the lab-scale flocculation experimental results. Effective flocculation was 

achieved as a result of charge neutralization and sweep flocculation. When low flocculant 

dosage (<0.1 mM) was applied, charge neutralization seemed to be predominating and the 

DLVO predicted flocculation trends were found quantitatively accurate in matching the 

experimental results. More flocculants were needed to neutralize N. oculata compared with 

S. dimorphus and the flocculation increased with the increasing dosage for both algae 

species. The flocculation of N. oculata was preferred at either low (pH of 5) or high (pH of 

10) pH values where cells had relative low negative surface charge. For S. dimorphus, 

highest flocculation was achieved at the isoelectric point of medium pH values. In the case of 

high flocculant dosage, the DLVO theory failed to explain the results since sweep 

flocculation was found to predominate at alum dose above 1 mM. Further increment of 

flocculant did not show any increase in the flocculation efficiency. 
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4.1  Introduction 

Continuous use of petroleum-derived fuels is widely recognized as unsustainable due to 

depleting supplies and the accumulation of greenhouse gases in the environment. Renewable, 

carbon neutral transport fuels from biomass are promising alternatives to petroleum fuels for 

environmental and economic sustainability. Among various sources of biomass, microalgae 

provide several advantages over traditional oil crops [1-3]. However, broad 

commercialization of microalgae-based biofuel has been retained due to its relative high 

operation and processing costs. And harvesting, as one of the most important processing 

steps, accounts for 20-30% of the total production cost due to the relative low algal biomass 

concentration and small algae cell size [4]. So the challenge for algal biomass harvesting is to 

take the very low cell density and concentrate it to a point where lipid extraction is possible 

(as much as 1000×) using the lowest cost and process options. Flocculation is considered to 

be the most promising methods compared with conventional technologies such as 

centrifugation, floatation and sedimentation because it allows rapid treatment of large 

quantities of microalgal culture as well as being able to be applied to a wide range of species 

[5].  

Multivalent metal salts such as aluminum sulphate (Al2(SO4)3, alum) has been widely 

used for flocculation, mainly in the field of wastewater treatment and production of 

aquaculture feeds [5-9]. The reported recovery efficiency varied widely even for the same 

species, and the discrepancies are difficult to explain because of different or unverified 

experimental conditions [10]. Algal flocculation is a complex process and several factors 

could affect the outcome including the size and surface composition of algal cells, the  
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biomass concentration, pH and growth medium composition [11, 12]. Eldridge et al. 

investigated coagulation of five marine microalgae species, which varied remarkably in cell 

size, surface chemistry and motility. Optimum coagulant dose was found to be 6-10 mg of 

Al3+ per gram of algal dry weight for Tetraselmis suecica and Chlorococcum sp. but as high 

as 50-60 mg/g Al3+ for Nannochloropsis salina and Dunaliella tertiolecta. At these doses, 

upwards of 95% of algal cells were recovered in 5-15 min. The high coagulation demand of 

D.teriolecta was believed to be attributable to its high production of extracellular polymer 

while that of N. salina may be due in part to its larger surface area [10]. Valdes et al. [13] 

investigated the efficiency of aluminum sulfate on harvesting marine algae Nannochloropsis 

sp. The results showed the maximum biomass recovery rate of 80% were achieved by using 

70 mg/l aluminum sulfate and further increase of the flocculant dose did not show a 

significant effect in the biomass recovery. For the influence of pH on the biomass recovery, 

two different behaviors had been observed in the study. When low flocculant concentrations 

(< 37 mg/l) were applied, the maximum biomass recovery was found at basic pH (around pH 

of 10). In the case of high flocculant concentrations (> 70 mg/l), the opposite trend was 

observed and the maximum recovery was obtained at pH ranging from 6.5 to 8. Alum was 

also reported to be an effective flocculant for freshwater species. In the study of algae 

removal for wastewater treatment, over 90% cells were removed by addition of 25 mM Al 

for Anabaena flosaquae and 85% for Asterionella Formosa [14]. Goluke and Oswals [15] 

studied the flocculation of Scenedesmus and Chlorella using alum. Ninety-nine percent of the 

algae were removed at a dosage of 75 mg/l. The experimental results also indicated that the 

optimum pH level for alum precipitation was within the range of 6 to 6.8 and algal removal  
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became increasingly poor as the pH was raised above 7.  

      Although flocculation by aluminum sulphate has been shown to produce favorable results 

in separating dilute algae from growth media, the mechanism behind has not yet been fully 

identified. A fundamental understanding of the flocculation process will lead to more 

efficient use of flocculant thus overcome the economic hurdle in the large-scale production 

of biofuel from algal biomass. The classical DLVO theory, named after Derjaguin, Landau, 

Verwey and Overbeek was originally developed to relate the stability of colloidal 

suspensions to the total potential energy between two particles [16-18]. The net interaction 

energy is interpreted as a balance of attractive van der Waals interactions and an electrostatic 

factor, which is usually repulsive as a result of overlapping electrical double layers 

surrounding charged particles. In the pioneering work by Marshall el al. [19], it was 

suggested that the effects of electrolyte concentration on the initial bacterial sorption to 

surfaces could be explained in terms of DLVO theory. Since then, the DLVO theory has been 

applied to explain the microbial aggregation and attachment in various biological systems 

[20-27], but no efforts have been made to study the flocculation of microalgae. Most algal 

cells fall into the size range of 5 to 50 µm and possess a net negative surface charge to form 

stable microbial suspension. Since the stability of algal suspensions apparently depends on 

the interacting forces between algal cells, algae can be considered as hydrophilic bio-colloids 

[28] and the flocculation of microalgae can be quantitatively explained by DLVO theory.  

The objective of this work was to investigate the flocculation of two algae species: 

Scendesmus dimorphus and Nannochloropsis oculata using aluminum sulphate. The DLVO 

theory was applied to understand the interaction mechanism of algal cells under different pH  
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and ionic strengths. The predicted flocculation trends were compared with the lab scale 

experimental results to determine if the DLVO theory could describe the flocculation 

behavior of algal cells with the addition of aluminum sulphate as the flocculant. 

4.2 Materials and methods 

4.2.1 Algae culture 

A freshwater microalga Scenedesmus dimorphus (UTEX 417) and a marine microalga 

Nannochloropsis oculata (UTEX 2164) were obtained from the University of Texas at 

Austin Culture Collection of Algae (Austin, TX) and used in the experiments. Algae were 

grown in 1-L Erlenmeyer flasks shaken at 100 rmp under continuous illumination by cool 

white fluorescent lamps of 100 to 120 µmol photons/m2/s at 12h: 12h light: dark period. The 

culture temperature was regulated at 23 ± 2 ˚C by in-door air-conditioning. The medium 

recipe of Nannochloropsis oculata was optimized from a previous study [29], containing 36 

g/L instant ocean sea salt supplemented with 0.54 g/L urea and 13.2 mg/L K2HPO4. 

Scenedesmus dimorphus was grown in the basal medium [30] containing the following 

chemicals: KNO3 (1250 mg/L); K2HPO4 (850 mg/L); KH2PO4 (400 mg/L); MgSO4 7H2O (1000 

mg/L); EDTA (500 mg/L); H3BO3 (114.2 mg/L); CaCl2 2H2O (111 mg/L); FeSO4 7H2O (49.8 mg/L); 

ZnSO4 7H2O (88.2 mg/L); MnCl2 4H2O (14.2 mg/L); CuSO4 5H2O (15.7 mg/L); Co(NO3)2 6H2O (4.9 

mg/L). 

4.2.2 Zeta potential measurement 

Algal cells reaching the stationary phase were collected and centrifuged at 4500 rpm for 5 

min. S. dimorhus was washed using distilled water and N. oculata was washed using 0.25 M 

NaCl solution. Thereafter, the cell pellets were re-suspended in the solutions with different  
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Al3+concentrations from 0.1 µM to 1 mM. For N. oculata, 0.25 M NaCl was added to all 

solutions to keep the cell viable. The pH of the suspension was adjusted by the addition of 

0.01 M HCl or NaOH. Zeta potential of cells under various pH values and Al3+concentrations 

was measured by Zetasizer Nano ZS (Malvern Instrument, UK). The cell concentration was 

adjusted to approximately 105 cells/ml for each sample.  

4.2.3 DLVO test 

The effect of ionic strength and pH on the flocculation behavior of two algae species were 

studied in standard 50 ml centrifuge tubes (Fisherbrand easy reader plastic tubes). Algal 

solutions were prepared following the procedure as discussed in the zeta potential 

measurement and 50 ml samples in different pH and ionic concentrations were transferred to 

the centrifugation tubes. After a settling period of 4 hours, the flocculation efficiency (FE) 

was calculated from the following equation:  

 

                            𝐹𝐸% = 𝐵𝐶1− 𝐵𝐶2  
𝐵𝐶1

× 100%                                                    (1) 

 

where BC1 is the initial algal biomass concentration before flocculation (g/l); BC2 is the 

biomass concentration (g/l) of the upper clear supernatant. 

4.2.4 Parallel lab-scale flocculation test 

A series of experiments were performed to examine factors that affect the flocculation 

process including pH and flocculant dose. The following procedures were followed in all 

flocculation experiments. First, cells reaching the stationary phase were harvested with an 

algal suspension around 107 cells/ml, and then the correct amount of flocculant was added  
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into each sample at medium mixing rate provided by agitation using magnetic bar stirrer for  

30 min. The pH of each sample was adjusted by adding 0.5 N NaOH or HCl solutions. Then 

100-ml sample was transferred to a 100-ml glass Class A graduated cylinder (tolerance 0.4 

ml with 1 ml subdivision) and let settle for 4h. At the end of the 4-h period, the volume of the 

upper clear supernatant was read, and a fraction of the supernatant was carefully removed 

using a fixed volume pipetter without disturbing the bottom concentrated algae. Biomass dry 

weight concentrations of algal samples before flocculation and in the supernatant were 

measured by vacuum-filtering the sample on pre-weighed glass-fiber filter paper (55 mm, 

nominal pore size 1.2 μm). For the marine species, the filters were rinsed with 10-ml 0.65 M 

ammonium formate solution to remove salts [31]. And then the filter papers were dried at 

105˚C in an oven for 5 h. Algal biomass dry weight was determined by the difference of the 

two weights. The optimal flocculant dosage, which is defined as the lowest flocculant dosage 

giving the highest microalgal removal, will be compared between two algae species. The 

flocculation efficiency (FE) and the solid concentration of harvested algae (SCA) were 

applied to evaluate the flocculation process.  

 

                                         𝑆𝐶𝐴 = 𝐵𝐶1×0.1−𝐵𝐶2×𝑉
0.1−𝑉

                                           (2) 

 
where BC1 is the initial algal biomass concentration before flocculation (g/l); BC2 and V are 

the biomass concentration (g/l) and volume (l) of the supernatant. It must be noted that the 

calculation of SCA at low pH levels may not be very accurate because the boundary between 

the supernatant and bottom layer was not clear and the height of the concentrated layer was 

small. 
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4.2.5 Classical DLVO theory 

In DLVO theory, the total energy of interaction between two spherical particles can be 

obtained by summation of two terms, GLW, due to the van der Waal forces and GEL, due to the 

overlap of electrical double layers associated with the charged surfaces [32]. Both GLW and 

GEL are functions of the separation distance (H) between two surfaces. The equations 

governing the interactions are:       

 

               𝐺𝑇𝑂𝑇(𝐻) = 𝐺𝐿𝑊(𝐻) + 𝐺𝐸𝐿(𝐻)                                                           (3)            

         

                𝐺𝐿𝑊(𝐻) = − 𝐴𝑅
12𝐻

                                                                                     (4)           

           

                    𝐺𝐸𝐿(𝐻) = 2𝜋𝜀𝑅𝜓2ln [1 + exp (−𝜅𝐻)]                                              (5) 

 

where A is the Hanmaker constant, which is a strain dependent parameter. Here the value is 

4×10-21 J for S. dimorhus and 2.7×10-21 J for N. oculata [33]. H is the separation distance 

between the cells. R is the cell radius. Ψ represents the cell surface zeta potential. κ (m-1) is 

inverse of the Debye length, which can be calculated with the following equation:  

                      
      𝜅 = �1000𝑁𝐴𝑒2

𝜀𝐾𝑇
∑ 𝑧𝑖𝐼𝑖                                                                 (6) 

where, I is the concentration of the electrolyte (mol/l); z is valence of electrolyte; NA is the 

Avogadro constant, 6.02×1023molecules /mol ; e is the electron charge, 1.6×10-19C; ε is the 

dielectric constant of the solution (=80×8.854×10-12C2J-1m-1 for aqueous); T is absolute 

temperature (293.16K) and K is Boltzmann constant（1.38×10-23J/K）.  
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4.3 Results and discussion 

4.3.1 DLVO modeling 

In the classical DLVO theory, the van der Waals force is responsible for attraction so the 

corresponding energy GLW is usually negative. The energy GEL of the electrostatic repulsive 

force is positive. In equation (4), GLW decreases as an inverse power of the distance between 

the cells. GEL in equation (5) is an approximately exponential function of the distance 

between two cells with a range of the order of the thickness of the double layer (κ-1). Hence, 

the van der Waals attraction will predominate at small intercellular distances, whereas the 

electrostatic repulsion may predominate at intermediate distances. In general, if large energy 

barrier prevents the close contact of cells, the flocculation and deposition is highly prevented 

and the suspension should be kept stable [32]. Based on the classical DLVO theory, only the 

electrostatic force can be modified to a significant extent, and repulsion can be greatly 

affected by changing the ionic strength of the suspending medium or by modifying the 

surface charge of the cells through pH adjustment or addition of positively charged 

flocculants. 

4.3.1.1 Influence of ionic strength 

The zeta potential of the two algae species in 0.0001-1 mM aluminum solutions are shown in  

Figure 4.1. The relatively low range of ionic concentrations was chosen due to the low cell 

concentration (around 105 cells/ml) required in the zeta potential measurement. The zeta 

potential of N. oculata remained negative and the negativity of the zeta potential decreased 

with the increasing electrolyte concentration. Addition of Al3+ reduced the negative charge of 

S. dimorphus and led to a zero surface charge at around 0.001mM. With increasing ionic  
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strength, the surface charge of S. dimorphus changed to positive by absorbed cationic 

species.  

 
 

 
 

Figure 4.1 Effect of ionic strength on zeta potential. 
                                 
 
 
 

Zeta potential is widely used for quantification of the magnitude of the electrical charge 

at the double layer. According to the DLVO theory, the double layer surrounding the charged 

cells is related to the ion concentration of the bulk solution as shown equation (6).  The value 

of κ-1, which is defined as the Debye length or as the thickness of the diffuse double layer, 

decreased with the increase of ionic strength. Thus the increase of the ionic strength caused 

the compression and accordingly increased the zeta potential. The total interaction energy 

curves for two algae species with different ionic strength were calculated according to DLVO 

theory and illustrated in Figure 4.2. For N. oculata, with the addition of Al3+ at 0.0001mM-

1mM, the thickness of the diffuse double layer (κ-1) decreased. As a result, the net value of 

the zeta potential decreased and the electrostatic repulsive energy also decreased. The energy 
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barrier of the suspension dropped from 470 KT to 30 KT with an increase in ionic strength. A 

higher energy barrier means a more stable suspension and lower flocculation efficiency. 

Hence the flocculation of N.oculata should increase with the increase of the ionic strength in 

the range of 0.0001 to 1mM. For S.dimorphus, the flocculation behavior was more 

complicated than N.oculata since the cell surface charge changed from negative to positive 

with an increase in ionic strengths. The energy barrier decreased from 240KT to -20KT when 

the ionic strength increased from 0.0001mM to 0.001mM, meaning a significant increase in 

the flocculation efficiency. In the region of charge reversal with ionic strength from 

0.001mM to 1mM, the increase of cations resulted in higher energy barrier, indicating a 

decrease in the flocculation.  

 
 

   
 
Figure 4.2 Plots of total interaction energy between algal cells as a function of interparticle distance at 

various ionic strengths. 
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Figure 4.3 shows the flocculation efficiency of the two algae species at various ionic 

strengths. Usually, low flocculation efficiency indicates a more stable cell suspension. For  

N. oculata, the flocculation efficiency increased from 14% to 49% with an increase in Al3+ 

concentration, indicating a high ionic strength could improve algal flocculation. For 

S.dimorphus, the peak value of flocculation efficiency was obtained at the ionic strength of   

0.001 mM in which cell possessed a zero surface charge. Above this point, the degree of 

flocculation decreased with a further increase in Al3+ concentration. The results are in close 

agreement with the predictions of the DLVO theory. Cells with lowest energy barrier had the 

highest flocculation efficiency. At 0.001 mM, the energy barrier was reduced so significantly 

that it disappeared and the GTOT took on negative values at all separation. It is important to 

note that although the electrical double layer force was zero (zeta potential was 0) at this 

point, the flocculation efficiency was still very low. This may be related to the low cell 

concentration applied in the test, which greatly reduced the frequency of cell-to-cell 

encounter [34]. 

 
 

 
 

Figure 4.3 Effect of ionic strength on flocculation efficiency. 
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4.3.1.2 Influence of pH 

The effects of pH on zeta potential and flocculation of two algae species are shown in  Figure 

4.4.  Higher Al3+ concentration reduced the negative charges of cell surface, which was 

dependent on the pH values. At pH 9.0, the zeta potential was reduced to the minimum point. 

When pH increased from 9 to 10, the zeta potential slightly increased. The zeta potential 

remained negative for N. oculata in all cases but it changed from negative to positive for S. 

dimorphus under low pH at 0.1 mM ionic strength. It is well known that algal cells are 

negatively charged in media at physiological pH values (usually between 7 to 9 for most 

algae species) and the charges cause adjacent cells to repel each other and suspend separately 

in the medium. The negative charges come from dissociation of functional groups at the algal 

cell wall. Because distribution and abundance of cellular wall components vary among 

different algae species, the number and types of functional groups also vary in different algae 

species. The changes in pH influences the degree of surface dissociation, thus affect the cell 

surface charge. For example, there are three key functional groups on microalgal cell surface, 

carboxyl (-COOH), phosphoryl（-POH）and amino (-NH2) [35]. 

−NH2 + H+ ↔ NH3
+ 

−COOH ↔ −COO− + H+ 

−POH ↔ −PO− + H+ 

      At low pH values, the algae surface charge is dominated by positively charged amine 

group (NH3
+), as the carboxyl and phosphoryl groups remain protonated. For the 

intermediate pH, phosphoryl and carboxyl groups are deprotonated while the amino group is 

protonated. Groups of -COO-, PO- and NH3
+ are introduced and result in a possibility of zero  
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surface charge, which is called the isoelectric point (IEP). At high pH, the phosphoryl and 

carboxyl groups become deprotonated and add the net negative charge on the cell surface. 

When pH was above 9, microalgae cells may release extracellular polymeric substances to 

protect themselves from changes of the environment, which may cause the slight increase of 

surface charges [36].  

 

   
 

Figure 4.4 Effect of pH on zeta potential with addition of 0.1mM and 0.0001mM Al3+. 
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applied, there existed an IEP of around 7.5. At pH below the IEP, the energy barrier reduced 

with the increasing pH thus there was an increase in flocculation. At pH values above the 

IEP, there was an increase in the energy barrier and then reduced at the pH of 10, indicating a 

decreased flocculation of pH from 8 to 9 and then an increase at pH 10. As an interpretation  

by the classical DLVO theory, for the same ionic concentration, the electrostatic repulsive 

energy is only related to the zeta potential and increases with the increase of the net value of 

zeta potential. The predicted total interaction energy profiles were in good agreement with 

the experimental results as shown in Figure 4.6.  

 
 

   

  
Figure 4.5 Plots of total interaction energy between algal cells as a function of interparticle distance at 

various pH values with addition of 0.1mM and 0.0001mM Al3+ solutions. 
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      In Figure 4.6, the flocculation efficiency of N. oculata decreased with an increase in pH 

from 5 to 9 and reached a minimum at pH of 9 in 0.1 and 0.0001mM ionic strength. 

Thereafter, the efficiency increased with an increase in pH from 9 to 10. S. dimorphus 

solution with addition of 0.1 mM Al3+ had largest flocculation efficiency near the IEP point 

due to the charge neutralization and lower efficiency away from this point. At ionic 

concentration of 0.0001 mM, results were observed similar to N. oculata at both 

concentrations. The experimental results showed that the optimum pH for flocculation is 

highly related to the ionic concentration. 

 
 

    

Figure 4.6 Effect of pH on zeta potential (a&b) and flocculation efficiency (c&d) with addition of 

0.1mM and 0.0001mM Al3+. 

 
 
 
      In the DLVO flocculation test, much more flocculants were needed to neutralize N. 

oculata compared with S. dimorphus. To flocculate N. oculata, higher ionic strength was 

preferred at either low (pH of 5) or high (pH of 10) pH values. For S. dimorphus, precise 

control of flocculant dose was needed to avoid charge reversal, which has the potential to 

0

20

40

60

80

100

5 6 7 8 9 10

FE
%

 

pH 

S.dimorphus 

0.0001mM

0.1mM

0

20

40

60

80

100

5 6 7 8 9 10

FE
%

 

pH 

N. oculata 

0.1mM

0.0001mM



 

 72 

reduce the flocculation efficiency. The highest flocculation was obtained with low medium 

dose at medium pH values (pH of 7.5). 

4.3.2 Parallel lab-scale flocculation tests 

4.3.2.1 Effect of flocculant dose 

The flocculation of microalgae with different concentrations of aluminum ions into the 

culture followed by pH adjustment at 7 is shown in Figure 4.7. For N. oculata, the 

flocculation increased strongly over a relatively narrow range of aluminum concentration (0-

1mM). At the optimal dose of 1 mM, more than 90% of the biomass was recovered. There 

was no significant change in flocculation efficiency for S. dimorphus until the addition of 

aluminum reached 7 mM. Based on the DLVO analysis, smaller amounts of flocculants were 

needed to neutralize the cell surface charge for S. dimoprhus compared to N. oculata in all 

tested conditions, e.g. different ionic strengths and pH values, which is not correlated with 

theoretical prediction. At low cell concentrations (105cells/ml), low flocculant dosage would 

be required. Under this condition, flocculation efficiency can be very low due to low cell 

collide rate as discussed in section 4.3.1. In the lab-scale flocculation test, the biomass 

concentration was much higher (107cells/ml) so higher flocculation dosage was needed. 

Much more effective flocculation was found due to the formation of hydroxide precipitation.            

      The flocculation mechanism of aluminum sulphate involves both charge neutralization 

and sweep flocculation. One or the other may predominate but each is always acting to some 

extent. It is probable that charge neutralization takes place immediately after the addition of  

alum and lowers the DLVO energy barrier to enable cell aggregation. In addition, under 

appropriate pH and other conditions such as temperature and salinity, aluminum hydroxide  
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precipitation can occur. The precipitation grows independently of cell population, enmeshing 

cells into larger flocs (sweep flocculation) [7, 34]. The extent of hydrolysis depends on total 

Al3+ concentration and pH of the medium. As shown in Figure 4.7, when no flocculants were 

added, the calculated SCAs were higher than 40 g/l but FEs were lower meaning that only 

part of cells were collected. And this highly concentrated but insufficient flocculation is 

believed to be triggered by charge neutralization without the existence of flocculant. When 

the flocculant reached the optimum dosage, further increment did not show improvement in 

flocculation efficiency but increased the precipitation and formation of loose flocs, thus 

decreasing the SCA values. Sweep flocculation generally gives considerably improved 

particle removal than when particles are destabilized just by charge neutralization [34]. 

Hydroxide precipitates tend to have a rather open structure, so that even a small mass can 

give a large effective volume concentration and hence a high probability of capturing small 

algal cells. In the case of our study, 100% algal cells could be harvested by the aluminum 

hydroxide precipitation. It is apparent that sweep flocculation is responsible for the high cell 

removal rate when high flocculant dose was applied. The difference in optimal dose of two 

algae species are most likely due to differences in chemical composition of the freshwater 

and seawater medium. The seawater medium contains high concentrations of sulphate anions 

[37]. These sulfate anions are known to facilitate precipitation of aluminum hydroxides [37].  

This probably explains the low optimal aluminum dose needed for the flocculation of N. 

oculata. 
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Figure 4.7 Effect of aluminum dose on flocculation of two algae species: Nannochloropsis oculata 

(0.39g/l) and Scenedesmus dimorphus (0.52g/l). Solid diamond represents the flocculation efficiency; 

solid square represents the solid concentration. 
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flocculation (5%) was observed at pH of 9 where cells had the minimum surface negative  

charge (Figure 4.4). The highest flocculation efficiency (80%) was obtained at pH 10 

withrelative low SCA and the formed floc was larger than those produced at lower pH levels, 

indicating the existence of hydroxide precipitation. The effective flocculation was the result 

of charge neutralization and sweep flocculation. Slightly higher flocculation was observed at 

pH of 7 for S. dimorphus where cells had surface charge close to zero. Lower or higher pH 

showed decreased flocculation, which corresponds well with the DLVO analysis. There was 

no significant difference between the volumes of settling flocs and SCAs were larger 

(>20g/l) at all pH values. This is strong evidence for the predominating charge neutralization. 

The experimental results indicated the existence of both charge neutralization and sweep 

flocculation when low flocculant dosage (0.1 mM) was applied and charge neutralization 

seems to be predominating at all pH values. 

 
 

  
 

Figure 4.8 Effect of pH on flocculation of two algae species: N. oculata (0.51g/l) and S. dimorphus 

(0.48g/l) at flocculant dosage of 0.1mM.   Solid diamond represents the flocculation efficiency; solid 

square represents the solid concentration. 

 

0

20

40

60

80

100

0

20

40

60

80

100

5 6 7 8 9 10

SC
A 

(g
/l

) 

FE
 (%

) 

pH 

N.oculata (Al at 0.1mM)  

0
10
20
30
40
50
60
70
80
90
100

0

20

40

60

80

100

5 6 7 8 9 10

SC
A 

(g
/l

) 

FE
 (%

) 

pH 

S. dimorphus (Al at 0.1mM) 



 

 76 

4.4 Conclusions 

The mechanism of flocculation by aluminum sulfate was studied involving both charge 

neutralization and sweep flocculation. One or the other may predominate but each is always 

acting to some degree, depending on the flocculant dose and pH of the medium. In the case 

of low flocculant doses (<0.1 mM), effective flocculation was mainly the result of charge 

neutralization. The degree of flocculation of algal suspensions is related to the cell surface 

charge (zeta potential), which is influenced by pH and the concentration of electrolyte. The 

flocculation of two algae species was in good agreement with the qualitative prediction by 

classical DLVO theory. Highest efficiency for S. dimorphus occurred at the isoelectric point 

of medium pH values. For N.oculata, higher efficiency was achieved at either high pH (pH of 

10) or low pH (pH of 5) where cells had relative low net negative surface charge at both pH 

values. When high flocculant concentration (> 1 mM) was applied, sweep flocculation was 

found to predominate and there existed an optimum dose for each species. Overdoing did not 

show any increase in the flocculation efficiency but in the floc size. The detailed 

understanding of the flocculation behavior of aluminum sulphate will lead to further 

improvements in the microalgae harvesting. 
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Chapter 5 Thermodynamic modeling of algal cell-solid substrate 

interactions 

 

 
Abstract:  The process of microalgal cell attachment to solid-carrier surfaces was simulated 

through a thermodynamic model. The modeling results showed that, for most microbes, 

when the polar surface energy of the cell is greater than that of water, cellular attachment 

would be more favorable on materials with higher dispersive surface energy but lower polar 

surface energy. If the polar surface energy of the cell is smaller than that of water, more cell 

attachment would be expected on materials that are higher in both dispersive and polar 

surface energies. Modeling results qualitatively matched experimental data in the attachment 

of a freshwater alga, Scenedesmus dimorphus, and a marine alga, Nannochloropsis oculata, 

on five materials (nylon, stainless steel, polycarbonate, polypropylene and glass). The model 

was also validated by published literature data on a wider variety of microbes, indicating that 

the model developed can be applicable in designing, selecting, and matching algal strains and 

solid carrier materials to enhance cell attachment. 
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5.1 Introduction 

Algae are one of the most promising sources of biodiesel [1] and other renewable energy [2-

4] due to the fast growth rate and high lipid content of some strains. Currently used in-land, 

free-floating algae production methods, e.g., open-pond or closed-photobioreactor systems, 

are facing several common challenges, such as high harvesting cost and high raw material 

costs [5]. For example, it is costly to separate microalgal cells from water because algae solid 

content in the culture broth is usually very low (e.g., <0.1 wt% in ponds). Various methods 

such as centrifugation, filtration, flocculation, and sedimentation have been studied [6-12], 

but none have been proven both effective and economical for biofuel production. It was 

proposed to grow algae on solid carriers, called semi-immobilized or immobilized algae 

production, to simplify and reduce the cost of algae harvesting and drying [13-15]. In such 

methods, after a thick layer of algae is accumulated (attached) on a solid carrier, the carrier 

can be lifted slightly off of the water surface (for easy algae-water separation) and then algal 

biomass can be collected mechanically (e.g., scraping), which can be much more effective 

and less expensive than other methods. Downstream drying costs can be reduced because of 

the reduced free water in algae biomass harvested using this method. Flocculation and 

sedimentation can achieve a final solid concentration of 3-6%, while the proposed system can 

reach up to 10% solid content, similar to filtration/screening [7]. 

      In order to enable the envisioned immobilized microalgae production and harvesting, it is 

necessary to understand and enhance algal cell attachment on solid carriers so that thick 

layers of cells can be accumulated. Thermodynamic models have been found useful in 

understanding non-microalgae microbial adhesion in various fields of application. For  
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example, researchers found that the number of attached bacteria and blood cells was related 

to substratum surface free energies, although the relationship could be either positive or 

negative depending on the microbial species and suspension medium [16-20]. Strong 

bioadhesion is desired in many circumstances to assure device retention and immobility such 

as in bone integration of dental or orthopedic implants, while minimal adhesion is essential in 

others, where the existence of microorganisms would destroy the utility of the devices [21]. 

For microalgae, most studies have been focused on anti-biofouling for marine vessels, to 

design new coatings with certain surface free energy or texture to remove or minimize 

microalgae attachment to a surface [22-25]. However the cellular and physical interactions 

that govern algal adhesion to materials have not been understood in detail.  

      This study aimed to answer two important questions in the implementation of the 

immobilized algae production concept: (1) what kind of materials of solid carrier are 

appropriate for algae attachment, and (2) what kind of algal cells can enhance attachment on 

solid carriers? The specific objective of this study was to develop and validate a 

thermodynamic model to understand the effect of surface free energies of solid carriers and 

algal cells on cell attachment. Our hypothesis was that surface energies of the solid carrier 

and cell govern the initial attachment of cells to solid substrata in liquid media.   

5.2 Materials and Methods   

5.2.1 The thermodynamic model 

When an algal cell approaches to a substrate surface in liquid, there are three interfaces 

involved: cell-liquid, substratum-liquid, and cell-substratum [26], each of which has its own 

interfacial energy designated by , , and , respectively. Assuming the electrical charge  clγ slγ csγ
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effects may be neglected and no chemical bonding forms between the cells and substrata in 

the early attachment phase, the process of attachment of a cell to a solid surface in liquid can 

be described by the following equation [27]: 

 

                                                                                                 (1) 
 
where  is the work of attachment defined as the work required to separate the cell from 

the substrate surface in the liquid medium,  is the interfacial free energy between the cell 

and the liquid medium,  is the interfacial free energy between the substrate surface and 

the liquid medium, and is the cell-substrate interfacial free energy. The unit for work of 

attachment and all types of interfacial free energies are ergs/cm2 throughout this article. 

Earlier studies have proven that there is a positive correlation (either liner or polynomial) 

between the number of attached cells and the work of attachment [28-30], therefore,  

can be applied as a quantitative measure of cellular attachment, which is energetically 

favorable when  and vice versa. 

      According to the Owens/Wendt theory [31], surface energy is comprised of two 

components, the dispersive energy and polar energy: 
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where superscripts d and p are the dispersive component and polar component of the surface 

free energy ( ), respectively, and subscripts s, c, and l designate solid substrate, cell, and 

liquid medium, respectively. Theoretically, the dispersive component accounts for van der 

Waals forces [32] while the polar component accounts for dipole-dipole, dipole-induced 

dipole, and hydrogen bonding interactions [33].  

      The interfacial free energies between solid surfaces and cells could be obtained from 

Good’s Equation [34]: 

 

                                               (5) 
 

Similarly,  

 

                                                   (6) 
 

                                                  (7) 
 

Based on equations (1-7), the work of attachment in liquid media  can be expressed as: 

 

         (8) 
 

The dispersive surface energy ( ) and the polar part ( ) of the cell, substrate and 

liquid are needed for the calculation of . Methods to measure the surface energy of a 

liquid are well developed (e.g., the Du Nouy ring method or Wilhelmy plate method [35]). 
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However, determining the surface energy of a solid surface or a cell is not nearly as simple. 

Surface energy values can be calculated from a set of liquid contact angles, developed by 

bringing various liquids in contact with the solid/cell surface. One must have prior 

knowledge of the surface free energy values for the liquid that are used. Young established a 

relationship between the contact angle θ and the surface free energy of the liquid ( ) and 

solid substrate ( ): 

 

                                                                                               (9) 
 

Combined with equation (7), there is, 

 

                                            (10) 

 

      For a non-polar liquid such as diiodomethane with only dispersive surface energy ( =0, 

=50.8), could be obtained from equation (10). The next step is the application of a 

polar liquid such as distilled water with known dispersive (= 21.8 ergs/cm2) and polar (= 51 

ergs/cm2) surface energies to calculate . 

5.2.2 Model validation  

5.2.2.1 Algal species and culture conditions 

A freshwater microalga Scenedesmus dimorphus (UTEX 417) and a marine microalga 
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Austin Culture Collection of Algae (Austin, TX) and used in the experiments. Both are 

known to contain a large amount of intracellular lipids [36]. The algae species were cultured  

in 500-ml Erlenmeyer flasks shaken on an orbital shaker at 100 rpm under Continuous 

illumination by cool white fluorescent lamps of 100 to 120 µmol photons m-2 s-1 at 12h: 12h 

light: dark periods. The culture temperature was regulated at 23 ± 2 °C by in-door air-

conditioning. Cells reaching the stationary phase were harvested and diluted with distilled 

water to ~105 cells per ml for the attachment experiments.  

5.2.2.2 Solid carrier preparation 

The solid materials were selected to span a wide range of solid surface free energies. 

Commercially available polymers (Teflon, polycarbonate, polypropylene, nylon 6/6), glass 

microscope slides (Fisher Scientific, part number 12-544-7) and stainless steel 304 (Part 

number 9502K24, McMaster, Atlanta, GA) were used in the study. All the polymer materials 

were obtained from Plastic International (Eden Prairie, MN). Materials were provided in 

sheets of different thickness: 2 mm for polycarbonate, 1 mm for nylon, Teflon and 

polypropylene, and 0.25 mm for stainless steel. Pieces of materials were washed with 

detergent and ethanol, rinsed exhaustively with distilled water and then air-dried. For the 

attachment experiments, test panels (1cm × 1cm) were mounted on the microscope glass 

slides using double-sided tapes. 

5.2.2.3 Contact angle measurement 

Surface free energy was calculated from the contact angle measured at the solid-liquid 

interface using liquids with known surface tensions. In this study, the polar liquid used was 

distilled water ( = 21.8 ergs/cm2, = 51 ergs/cm2) and the non-polar liquid used was  
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diiodomethane ( = 50.8 ergs/cm2, = 0 ergs/cm2).  Micro-liter sized drops were placed  

on the solid carrier samples. Contact angles were measured with an optical contact angle 

meter (CAM100, KSV Instrument Ltd., Monroe, CT). A series of eight drops were used in 

each of the three trials, for a total of 24 contact angle measurement per liquid on a particular 

material surface. The average of measured contact angles was use for the surface energy 

calculation. 

      In measuring the contact angle of algal cells, cells were washed three times with distilled 

water and resuspended in distilled water. Algal roan was prepared on a membrane filter (pore 

size 0.45μm) until an even multilayer was deposited. The filter with algal layers was then air 

dried for 0.5 to 3h [37] and the contact angle was measured by the same method as that for 

solid surfaces [38]. 

5.2.2.4 Attachment assay 

The glass microscope slides with test materials were placed randomly in a glass container 

and the algae suspension was poured into it. The distance from the top of the suspension to 

glass slides was 5 cm. The substrata were exposed to the cell suspension for 24 h in the dark 

without stirring to allow settlement and attachment of cells. Before observation under an 

optical microscope (BX41, Olympus Inc., Center Valley, PA), the substrata were gently 

wiped back and forth in distilled water for three times to remove loosely attached and 

residual suspended cells. Cell attachment was measured as the number of cells attached per 

unit area. Average counts were made under the microscope for 10 fields of view on each of 

three replicate slides. 
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5.3 Results and Discussion 

5.3.1 Modeling results 

According to equation (8), the work of attachment between the cell and substrata in a liquid 

medium ( ) can be expressed by two components, and , which are the work of 

attachment due to dispersive interactions and polar interactions, respectively, as shown in 

equations (11) - (13): 

 

                                                                                (11) 

 

                                                         (12) 

 

                                                            (13) 

 

From equation (12), is related to three parameters: the dispersive surface free energies of 

the algae cell, the solid carrier and the suspended medium, that is ,  and . Similarly, 

is related to ,  and . Depending on which is greater between  and  and 

between and  , the relationship between the work of attachment and surface free 

energy can be divided into four categories. The work of attachment of a hypothetic cell to 

thirty common materials (Table 5.1) was calculated in each case. 
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 Table 5.1 Surface energies of thirty common materials studied in the thermodynamic modeling. 

 Materials    References 

1 Poly (1,1-dihydroperfluorooctyl 
methacrylate) 10.6 0 10.6 [39] 

2 Polyhexafluoropropylene 16.2 0 16.2 [39] 
3 PTFE 19.5 0 19.5 [27] 
4 PDMs 19 0.8 19.8 [40] 
5 Silicone rubber 21 0 21 [41] 
6 Polyetherurethane 23 2 25 [41] 
7 Paraffin 25.5 0 25.5 [27] 
8 Parafilm 39 0 39 [42] 
9 Polypropylene 28.5 0 28.5 [27] 
10 Polychloroprene 29.6 3.6 33.2 [43] 
11 Polyethylene 33.2 0 33.2 [27] 
12 Polystyrene 41.4 0.6 42 [42] 
13 Polyethylacrylate (PEA) 30.7 6.3 37 [40] 
14 Polyvinylfluoride (PVF) 31.3 5.4 36.7 [27] 
15 Polyvinylacetate (PVA) 25.1 11.4 36.5 [27] 
16 Polyvinyl chloride (PVC) 40 1.5 41.5 [27] 
17 Polyurethane-s 29.3 22.7 52 [27] 
18 Polyethyleneterephthalate (PET) 43.2 4.1 47.3 [40] 
19 Polycarbonate 27.2 6.5 33.7 [27] 
20 Nylon6/6 40.8 6.2 47 [27] 
21 Nylon11 43.1 0.9 44 [27] 

22 Polymethylmethacrylate 
(PMMA) 35.9 4.3 40.2 [27] 

23 Polysulfone 44 11 55 [44] 
24 Canine vein 21.4 51 72.4 [27] 
25 Canine artery 20.9 50 70.9 [27] 
26 Cellulose 30 29 59 [27] 
27 Glass 38 78 116 [45] 
28 Steel 34 96 130 [45] 
29 Ta 40 60 100 [45] 
30 Ti 38 80 118 [45] 

 

 

      Case 1: If > , < , more cell attachment would occur on materials with higher 

dispersive surface energy but lower polar surface energy. For the thirty common materials, it 

seems the materials with lower surface energy lead to greater work of attachment for case-1 

cells. Most microalgal cells fall into this category. 
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Figure 5.1 The work of attachment between a hypothetic cell and hypothetic materials/real materials. The 

hypothetic cell surface free energies considered in the figure are =45 ergs/cm2, =30 ergs/cm2 (case 1). 

W-d in the figure represents the work of attachment due to dispersive forces and W-p is the work of attachment 

due to polar forces. When considering W-d, the x-axis is the dispersive surface energy increasing from 0 to 130 

ergs/cm2. For W-p, the x-axis is expressed as the polar surface energy in the range of 0 to 130 ergs/cm2. W is 

the work of attachment between the hypothetic cell and 30 common materials (Table 5.1). 

 

 

 

      Many kinds of mammalian cells belong to this category, such as platelet ( =99, 

=19), fibroblast ( =31, =30) and erythrocyte ( =35, =46) [46]. Adhesion of blood  

cells to various solid substrata has been widely studied to test blood compatibility of 

biomaterials; results were in agreement with case-1 model prediction. For example, in the 

absence of serum protein, Schakenraad et al. [18] demonstrated the influence of surface free 

energy on attachment of human fibroblasts: materials with lower surface energies showed 

higher fibroblasts attachment. Absolom et al. [47] reported that the adhesion of erythrocytes  
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to various biomaterial surfaces under water varied directly with work of adhesion.  

Erythrocyte adhesion decreased when the substratum free energy increased from about 10 

ergs/cm2 to 70 ergs/cm2 (Figure 5.2). They also investigated platelet adhesion to solid 

surfaces and observed the number of platelet adhering to solid surfaces decreased linearly 

with increasing solid surface free energies in protein-free solutions [17, 48, 49]. In another 

series of experiments, Fletcher et al. [16] studied the attachment of pseudomonas fluorescens 

in protein-free solution to solid surfaces. This bacteria strain had a dispersive surface energy 

of 34 ergs/cm2 and a polar surface energy of 12 ergs/cm2. The number of attached bacteria 

increased with decreasing surface free energies for both carbon-limited cells and nitrogen 

limited cells as shown in Figure 5.2.  

 
 
 

 

Figure 5.2 Effect of substratum surface energy on erythrocyte [17, 47-49] and Pseudomonas fluorescens [16] 

adhesions in water. The number of attached P. fluorescens was expressed as disintegration per minute (DPM, 

the number of decays produced by the radioactivity per minute), which is a relative counting of attached cells. 
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      Case 2: If > , > , cell attachment would be more favorable on materials with 

higher dispersive and polar surface energies (W>0). For the thirty common materials, the 

materials with higher surface energy lead to greater work of attachment. 

 
 
 

                
 

Figure 5.3 The work of attachment between a hypothetic cell and hypothetic materials/real materials. The 

hypothetic cell surface free energies considered in the figure are =27, =74 (case 2). W-d in the figure 

represents the work of attachment due to dispersive forces and W-p is the work of attachment due to polar 

forces. When considering W-d, the x-axis is the dispersive surface energy increasing from 0 to 130 ergs/cm2. 

For W-p, the x-axis is expressed as the polar surface energy in the range of 0 to 130 ergs/cm2. W is the work of 

attachment between the hypothetic cell and 30 common materials (Table 5.1). 

 
 

 

Laboratory experiments in protein-free medium conducted by some researchers 

qualitatively support this conclusion. Van Pelt et al. [50] studied an oral bacterium that had a 

polar surface energy of 74 ergs/cm2 and a dispersive surface energy of 27 ergs/cm2. The  
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number of attached bacteria increased with increasing solid surface energies. It showed the 

same trend as the theoretical prediction in this case. Another example is the study of 

interaction forces between bacteria E. coli and biomaterial surfaces. The adhesion of high 

surface energy cells ( =29, =59) was favored on high-energy substrates such as glass 

and mica [51].  Busscher and Weerkamp [19, 20] tested bacterial attachment to various solid 

substrata. Strains were selected based on the surface free energy, namely Streptococcus mitis  

L1 ( =36, =1) and Streptococcus mutans NS ( =36, =82), which had the surface 

energy belonging to case 1 and case 2, respectively. Solid substrata included 

Polytetrafluorethylene (PTFE, =20), Polymethylmethacrylate (PMMA, =53) and glass  

( =109). S. mitis L1 adhered in the highest number to the low energy PTEF whereas S. 

mutans NS showed highest attachment on glass (Figure 5.4), both qualitatively agree with the 

model prediction of this study. 

 
 

 

Figure 5.4 The number of bacteria attached to various substrata [19, 20]. 
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Case 3 and case 4 are for cells that have a smaller dispersive surface free energy than 

water. For case 3, if < , < , attachment would be more favorable on materials 

with lower dispersive and polar surface free energies. For case 4, if < , > , more 

attachment would happen on materials with lower dispersive surface energy but higher polar 

surface energy. Currently, it is hard to find microorganisms that have dispersive surface 

energies lower than that of water (21.8 ergs/cm2). A cell with a lower than water dispersive 

surface energy possesses very hydrophobic properties that may inhibit its survival in the 

aqueous environment. 

 
 

 

   

Figure 5.5 The work of attachment between a hypothetic cell and hypothetic materials/real materials. The 

hypothetic cell surface free energies considered in the figure are =20, =33 (case-3, left) and =15, 

=65 (case-4, right). W-d in the figure represents the work of attachment due to dispersive forces and W-p is 

the work of attachment due to polar forces. When considering W-d, the x-axis is the dispersive surface energy 

increasing from 0 to 130 ergs/cm2. For W-p, the x-axis is expressed as the polar surface energy in the range of 0 

to 130 ergs/cm2. W is the work of attachment between the hypothetic cell and 30 common materials (Table 5.1). 
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      It can be seen from the four cases that biological attachment is a strain-dependent 

process. For instance, low-energy materials such as parafilm (material #8) and nylon 

(material #21) have large work of attachment for microorganisms that have surface free 

energies belonging to case 1 but have small work of attachment for cells belonging to case 2.  

High-energy materials such as glass (material #27) and stainless steel (material #28) can 

attain strong attachment in case 2 but fail to realize good attachment in case 1. It also should 

be noted that the total surface free energy cannot be the only parameter for the selection of 

appropriate immobilized materials. Both dispersive surface energy and polar surface energy 

should be considered. For example, parafilm and PVA (material #15) have similar total 

surface free energies but they show very different work of attachment due to different 

proportions of the two surface energy components. 

      It is also interesting to note that canine vein (material #24) and artery (material #25) have 

work of attachment close to zero in all cases. They are the only materials on the list that are 

similar to water (and blood plasma) in both dispersive and polar surface energies. This 

unique characteristic means that no matter what surface energies the microorganism/parasite 

might have, adhesion of cells to blood vessels can be minimized, which may be essential for 

animals (and human being) to avoid infection by virus, fungi, yeast, or bacteria, etc. It can 

also help to reduce the risk of adhesion of blood cells to vessels, a common cardiovascular 

disease of human being. The thermodynamic model presented in this study seems to be able 

to explain the evolutional effect of blood vessels in terms of parasite adhesion, although more 

investigations are needed. 
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5.3.2 Experimental validation of the thermodynamic model 

The contact angles of diiodomethane and water on the surface of all solid substrates and 

algae cells are shown in Table 5.2. Surface free energies of each material and strain were 

calculated from contact angles using Equations (9) and (10). The total surface energy, the 

dispersion component, the polar component are summarized in Table 5.2. 

 
 

Table 5.2 Surface free energies of solid materials and algal cells. 

Material θ (°) 
(diiodomethane) 

θ (°) 
(water) (ergs/cm2) (ergs/cm2) (ergs/cm2) 

PTEF (Teflon) 79±3.6 103±5.7 18 1.2 19.2 
Polycarbonate 47±3.4 88±1.3 40 2 42 
Polypropylene 32±2.8 59±3.9 43 12 55 
Nylon 6/6 51±0.7 96±2.3 34 0.6 34.6 
Glass  34±2.0 15±2.0 42 33 75 
Stainless steel 304 39±0.9 67±2.0 40 8.7 48.7 

Algae species θ(°) 
(diiodomethane) 

θ(°) 
(water) (ergs/cm2) (ergs/cm2) (ergs/cm2) 

S. dimorphus 29±1.7 22.5±0.8 45 30 75 
N. oculata 32.5±2.1 15±1.0 43 33 76 

 

 
      For both algal species, is greater than  and is smaller than , which means 

they fall into case #1, therefore, better attachment would occur on materials with higher 

dispersive surface energy but lower polar surface energy based on the model prediction. 

Figure 5.6 shows the experimental and modeling results of algae cell attachment to the three 

polymer surfaces. As expected, there was a positive correlation between the number of 

attached cells and the work of attachment, for both species. Attached cells of the three 

polymers are in the order of nylon > polycarbonate > polypropylene, the same as predicted  
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by the thermodynamic model indicated by the work of attachment. It is also consistent that S. 

dimorphus had much more attached cells than N. oculata on all materials, which is explained 

in Section 5.3.3. 

 
 

  

Figure 5.6 Algal cell attachment on three polymers. Bars represent the number of attached cells vs. surface free 

energies of substrata. Lines represent the relationship between the work of attachment (W-d is the work of 

attachment due to dispersive forces, W-p is the work of attachment due to polar forces, W is the combination 

of W-d and W-p) and surface free energy of substrata. Error bars are for the number of attached cells. 

 

 

      However, when all five materials (nylon, polycarbonate, polypropylene, stainless steel, 

and glass) are placed together, the relationship between the number of attached cells and the 

work of attachment is not consistent. For example, the total work of attachment of 

polycarbonate was higher than that of stainless steel, but for both species stainless steel had 

more attached cells. This means for different materials, especially when they are in very  

different categories, e.g., polymer vs. metal, something besides surface free energy must also  

play a role in cell attachment. Still, when the surface energies of different types of materials  
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are far apart, e.g., nylon vs. stainless steel vs. glass, the correlation between the number of 

attached cells and the work of attachment is consistent for both species (Figure 5.7). Attached 

cells of the three polymers are in the order of nylon > stainless steel > glass, the same as 

predicted by the thermodynamic model indicated by the work of attachment. S. dimorphus 

also had much more attached cells than N. oculata on all materials. In both Figures 5.6 and 

5.7, it can be found that of the polar work of attachment (W-d in the figures) has similar 

slope as the total work of attachment vs. the total surface free energy of the materials, which 

indicates that the polar component is more influential than the dispersive component on algal 

cell attachment when dispersive surface energies of the studied materials are close to each 

other. 

 
 

   

Figure 5.7 Algal cell attachment on three different types of materials. Bars represent the number of attached 

cells vs. surface free energies of substrata. Lines represent the relationship between the work of attachment (W-

d is the work of attachment due to dispersive forces, W-p is the work of attachment due to polar forces, and W 

is the combination of W-d and W-p) and surface free energy of substrata. Error bars are for the number of 

attached cells. 
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      Teflon was also tested, but is not shown in Figure 5.6 or Figure 5.7. Teflon is a special 

material known for its non-stick property. In the experiments, no attached cells were found 

on the Teflon surface, although the total work of attachment was positive for both algal 

strains. As previously explained, the work of attachment has two components, and , 

which are the work of attachment due to dispersive interactions and polar interactions. The 

term dispersion is related to Van der Waals interactions and thus operates at long-range 

(>50nm) [32]. Alternatively the polar term is related to short-range interactions, arising from 

the hydrogen donor and acceptor capacities of the opposing surfaces and operates at 

distances shorter than 1.5 nm [33]. A positive value for  indicates favorable conditions 

for adhesion at large separation distances. We hypothesize that a positive is necessary for 

the cell to be attracted by Van der Waals forces to approach to the solid substrate surface, 

after which the polar component of the work of attachment can participate in cell adhesion 

[20]. In our modeling prediction, it was found that  were negative (-1.7 ergs/cm2 for 

S.dimorphus and -1.6 ergs/cm2 for N. oculata) for Teflon, and experiment data showed that 

no cell attachment was found for both algae. This seems to support our hypothesis that a 

positive is necessary for initial cell attachment. All other materials had a positive  in 

this study.  

5.3.3 The effect of algal cell surface free energy on attachment 

This model can facilitate the design and selection of materials for cellular attachment. For a 

certain algae species, the best solid surface free energy for attachment could be  

correspondingly determined based on the four cases discussed previously. From equation (8),  
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dW dW
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the cell surface energy and the substrate surface energy are completely symmetrical in the 

computation of work of attachment.  So for a specific material, similar analyses could be 

applied for the selection of cells, summarized by the following four cases: 

Case C-1: if > , < , more cell attachment would happen on the cells with higher 

dispersive surface energy but lower polar surface energy.  

Case C-2: if > , > , attachment would be more favorable on cells with higher 

dispersive and polar surface energies. 

Case C-3: if < , < , attachment would be more favorable on cells with lower 

dispersive and polar surface free energies. 

Case C-4: if < , > , higher attachment would happen on cells with lower 

dispersive surface energy but higher polar surface energy. 

      For example, if glass is used to immobilize algal cells, the strain with higher dispersive 

and polar surface energies would be preferred as illustrated in case 2. Because all the 

materials that were studied in these experiments had a dispersive surface energy greater than 

 and polar surface energy smaller than  which belong to case #1, the algae with higher 

and lower is expected to have more attachment. That may explain why S. dimorphus 

had better attachment than N. oculata for all the tested materials. But it is not always true for 

all microorganisms. For example, this model failed to explain why S. mutans NS had higher 

cell attachment than S. mitis L1 for all materials in the experiments illustrated in Figure 5.4.   

Cell surfaces are extremely complex and different in physical structures and biochemical 

compositions. Some cells have specific structures such as pili, fimbriae, or other appendages  
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that may facilitate the attachment process [51]. Cell attachment also involves different 

molecular components of the cell surface, which vary from cell to cell. A specific donor-

receptor interaction has been applied to describe the effects of cell properties in adhesion 

[52]. It is suggested that, whereas this thermodynamic model has good predictions for the 

attachment of a given cell to various substrata, it could not explain the attachment 

phenomenon of various strains to one substratum due to the complexity of microbial cell 

surfaces. 

5.3.4 Limitation of the model 

The aforementioned experiments and the experiment conducted in our lab strongly suggest 

that the microalgae cell attachment to surfaces could be qualitatively predicted with the well-

defined thermodynamic model. However, the assumptions of this model limit its applications 

in real biological system. First, it can only explain the attachment phenomenon in the protein-

free environment. For the attachment process involved absorbed protein film, another 

phenomenon known as “Baier curve” has been accepted as a general relationship between the 

surface free energy and the amount of bio-adhesion. Based on this relationship, there is a 

universal minimal cell attachment in biological systems at surface energies between 20 and 

30 dynes/cm [53, 54]. Higher surface energies promote cellular attachment and there is a 

potential zone of very good biological attachment when the surface has low or medium free 

energy. This mechanism has been proven useful to describe the bio-adhesion in blood and 

tissue as well as in the marine environments.  

      Second, this model neglects the electrical charge effects and assumes that there is no 

formation of chemical bonding between the cell and surface during the attachment process.  
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The classical Derjagium-Landau-Verway-Overbeek (DLVO) theory [55, 56] has been used 

to describe the forces between charged surfaces interacting in a liquid medium. It combines 

the effects of the attractive van der Waals forces and the repulsive double layer forces. If the 

former dominates, two surfaces would come together and adhere, whereas if the latter 

dominates, they would be kept apart [57]. In addition to the classical DLVO theory, donor-

receptor-types of models have been applied to explain the specific interactions in the cell-cell 

or cell-surfaces adhesion [58]. Thus, integration of the three frameworks is needed to predict 

the outcome of interaction between a cell and a surface in different situations. 

5.4 Conclusions 

A thermodynamic model incorporating both dispersive and polar interactions among three 

interfaces (cell, liquid medium, and solid substrate) was developed to describe algal cell 

attachment to solid substrata. Based on the model, attachment of algal cells to solid carriers 

was dependent on the surface free energies of the cell and the solid carrier material. For most 

microalgae that have a dispersive surface energy higher than that of water and a polar surface 

energy lower than that of water, attachment would be more favorable on materials with 

higher dispersive surface energy but lower polar surface energy. Modeling results 

qualitatively matched the experimental data for attachment of a freshwater algae species, 

Scenedesmus dimorphus, and a marine algae species, Nannochloropsis oculata, on five  

materials (e.g., nylon, stainless steel, polycarbonate, Polypropylene and glass). They also 

qualitatively agree with published literature results on other microorganisms such as bacteria 

and mammalian cells. 
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Chapter 6  The effect of surface texturing on microalgal cell 

attachment to solid carriers 

 
Abstract: The objective of this study was to understand the role of surface texturing in 

microalgal attachment to solid surfaces. Ridge, pillar and groove at micro-scale were 

engineered on two polymers: nylon and polycarbonate. The attachment of two microalgal 

species, Scenedesmus dimorphus and Nannochloropsis oculata, on surface textured solid 

carriers was found to be related to the feature size. The attachment was enhanced when the 

feature size was close to the size of the cell. Cells were found to conform in textures larger 

than the cell size or bridge on textures smaller than the cell size, which resulted in less cell 

attachment. The cell response to the textured surfaces was described by the Wenzel theory 

and the contact point theory. 
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6.1  Introduction 

Microalgae are a very promising source of biodiesel [1] and other renewable energy [2-4] 

due to their fast growth rates, high lipid contents and tremendous potential for water 

conservation [5-7] and CO2 biofixation [6, 8-11]. However, a bottleneck issue with algae 

biofuel manufacturing is the lack of cost-effective cell production and harvesting method 

[12]. It was proposed to grow algae on solid carriers, called semi-immobilized or 

immobilized algae production to simplify and reduce the cost of algae harvesting and drying  

[13-15]. In such methods, after a thick layer of algae is accumulated (attached) on a solid  

carrier, the carrier can be lifted slightly off of the water surface (for easy algae-water 

separation) and then algal biomass can be collected mechanically (e.g., scraping). 

Downstream drying costs can be reduced because of the reduced free water in algae biomass 

harvested using this method. In contrast, with suspended algae production methods, it is very 

costly to separate algae from water because the algae concentration is usually low (e.g., 

<1‰) and algae size is small (e.g., <20 um). In order to enable the envisioned immobilized 

algae production for biofuel manufacturing, it is necessary to enhance algae cell attachment 

on solid carriers so that thick layers of cells can be accumulated and harvested.   

      Algal attachment to solid surfaces is a complex process that involves the living cells, the 

substratum interface and the surrounding liquid. Surface properties, which are usually 

characterized with respect to surface chemistry, topography/texture or roughness, have direct 

effects on manipulating algal attachment [16]. Most studies have been focused on anti-

biofouling for marine vessels, to design new coatings with certain surface textures to remove  

or minimize algal fouling on submerged surfaces [17-20]. Understanding the role of surface  
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texture on algal adhesion is critical in controlling algae-substratum interface to manipulate 

the degree of cell attachment. Despite the large number of papers published in this area, 

general trends in cell behavior are difficult to establish due to vast differences in cell type, 

substrate materials, and texture features.  

Surface texture is comprised of purposefully – designed surface configurations with 

defined dimensions such as grooves, ridges, pillars, hills, or pores [21]. A number of 

researchers studied the attachment of fouling organisms on micro-textured surfaces, 

including bacteria, diatoms, algal spores and barnacle cyprid [22-29]. These studies found  

that the attachment was reduced on micro-textures below the size of the organisms and 

increased on micro-textures slightly larger than the width of the organisms. So surface 

texture can be utilized to control the cellular attachment, however, the scale of texture 

required to affect attachment depends on the size and settlement behavior of the target cells 

[22]. Reaction of cells to surface texture is a cell-dependent process. Large cells like barnacle 

(~100 µm) reacted differently to the same surface topography from smaller cell like algal 

spore (~5 µm) or diatom (1~14 µm) or bacteria (~1 µm) [22, 30]. Moreover, the development 

of material science allows the design of interfaces with special adhesion properties to meet 

specific requirements [31]. 

      The objective of this study was to understand the effect of micro surface texturing on 

microalgal cell attachment to solid surfaces. The attachment of two microalgal species, 

Scenedesmus dimorphus and Nannochloropsis oculata, on two patterned polymers, 

polycarbonate and nylon were investigated. Three texture patterns including ridge, groove, 

and pillar were designed on the surfaces of the two polymers. 
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6.2 Materials and Methods 

6.2.1 Polymer surface texturing 

Two polymers, nylon and polycarbonate, were chosen as the ideal solid carrier materials for 

the proposed semi-immobilized algae culture because of their light weight, low cost, high 

transparency, and reasonable resistance to seawater corrosion. Another important reason is 

that these two materials were found to have suitable surface free energies that support the 

attachment of both S. dimorphus and N. oculata [32]. Three patterns were designed on both 

polymer surfaces (Figure 6.1) and their nominal dimensions are summarized in Table 6.1.  

 
 
 

 

 

 

Figure 6.1 Images of engineered textures on nylon and polycarbonate surfaces: Ridge (A), Pillar (B) 
and Groove (C), where H is depth/height, W is width, and S is spacing. 
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6.2.2 Substrate characterization 

Because the samples were not immediately used after surface texturing, it was important to 

measure the dimensions of the textures at use. A Variable Pressure Scanning Electron 

Microscope (Model S3200, Hitachi High Technologies America, Inc) was used to 

characterize the surface morphology of textured polymer surfaces. Prior to imaging, the 

materials were coated with a thin layer of gold-palladium in a sputter coater. It should be 

noted that these sputter-coated samples were not used for subsequent cell culture 

experiments. The feature size of each pattern was estimated using Revolution software by 

manually measuring individual diameters across the image. To reveal the depth of the 

valleys, the specimens were cross cut in liquid nitrogen and analyzed under SEM. The 

surface topography of pillar-patterned substrata was further characterized by an atomic force 

microscopy (AFM D3000, Digital Instruments, Inc., Tonawanda, NY) to confirm the height 

of the feature. The scan area (25µm×25µm) was randomly selected for each sample. 

Commercially available AFM tip was used in the tapping mode. The scan rate was fixed at 

0.25 Hz.  

      A comparison between the nominal and measured feature dimensions is shown in Table 

6.1. The first pattern had ridges of 5µm width, 1µm depth and 2µm spacing for both 

polymers. The second pattern had 2-3µm high pillars projected from surfaces. Nylon had 

major axis of 30µm, minor axis of 10µm and spaced between 10 to 15µm apart. 

Polycarbonate had features of the same major axis, but 15µm in minor axis and 7-10µm 

spacing. The third pattern is groove of 100µm width. Depth is 10µm for nylon and 40µm for 

polycarbonate due to different material stiffness. Features were separated by 140µm wide  
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ridge for both materials. As can be seen from Table 6.1, the feature sizes were designed in 

the order of ridge, pillar, and groove, from relatively small to large. The actual dimensions of 

ridge and groove were similar to their nominal dimensions, and there was no difference 

between the two polymers. However, actual widths of pillars were quite different from their 

nominal values due to the material deformation.  

 
 

Table 6.1 Nominal and actual at use dimensions of micro-textured polymers 

 Nominal dimensions (µm) Actual dimensions at use (µm) 

 Nylon Polycarbonate Nylon Polycarbonate 

 H W S H W S H W S H W S 

Ridge 2 5 5 2 5 5 1 5 2 1 5 2 

Pillar 4 50 14 4 50 14 2-3 30 10-15 2-3 30 7-10 

Groove 9 100 140 40 100 140 10 100 140 40 100 140 

 

 

6.2.3 Modeling liquid wetting behavior 

Two basic theoretical models were separately developed by Wenzel [33] and Cassie [34] to 

explain how surface topography affected liquid wetting behavior, thus affecting the interface 

adhesion. In the Wenzel state, a water droplet fully penetrates into the asperities of a texture 

surface (in wet contact mode), accordingly to pin the droplet, thus generating relatively high 

adhesion. In contrast, in the Cassie state, the water droplet is suspended above the asperities  

(in composite contact mode). Air is trapped between the liquid and the solid substratum. 

Thus the adhesion of the surface is relatively decreased, and the droplet easily rolls off the  
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surface [32]. More recently, Quere and colleagues [35-37] demonstrated an intermediate state 

between the Wenzel and Cassie state, where a water droplet may partially wet a 

superhydrophobic textured surface. Such an intermediate state is referred to as a metastable 

state.  

      A basic parameter in Wenzel’s theory is the roughness factor r, which is defined as the 

ratio of the actual surface of a rough surface to the geometrically projected area as shown in 

Figure 6.2. The roughness factor is always larger than 1 for a rough surface. 

 
 
 

                             
Figure 6.2 Definition of the Wenzel roughness ratio r related to the wet contact mode. 

 
 
 

      Wenzel proposed a theoretical equation describing the apparent contact angle on a rough 

surface as follows [33]: 

              cosθ' = rcosθ                           (1) 

Where  is the apparent contact angle, observed by a given liquid on a rough solid surface. 

 refers to contact angle observed on the corresponding smooth surface. 
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      When the surface is made of small protrusions, which cannot be filled with the liquid and 

are thus filled with air, the liquid wetting enters the so-called Cassie regime. As a result of 

the suspension of the water droplet on the asperities, in the Cassie model [34], the apparent 

contact angle is described by equation (2): 

   cosθ' = fcosθ‐(1‐f)                         (2) 

For a rough surface containing only one type of asperities, given f is the solid fraction 

(fraction of the surface that is in contact with the liquid), then (1 - f) is the fraction in contact 

with air (Figure 6.3).  

 
 

                         

Figure 6.3 Definition of the Cassie roughness factor f corresponding to the surface fraction of the 
liquid-solid contact area related to the composite contact mode. 

 
 
 
 

In practice, these models cannot accurately predict the wetting behavior of a predesigned 

surface. However, it is often used to compare it with a practical result in order to confirm the 

presence of corresponding wetting mode [38].   
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6.2.4 Contact angle measurement 

Contact angle was measured on both smooth and textured surfaces using an optical contact 

angle meter (CAM100, KSV Instrument Ltd., Monroe, CT). Surface were cleaned with 

detergent and ethanol, rinsed exhaustively with distilled water and then air-dried prior to 

testing with liquid. Micro-liter sized drops of water were placed on the samples, and then 

video capture goniometry coupled with image software was used to determine the contact 

angles. A series of eight drops were used in each of the three trials, for a total of 24 contact 

angle measurements on a particular material surface. 

6.2.5 Algal species and culture conditions 

A freshwater microalga Scenedesmus dimorphus (UTEX 417) and a marine microalga 

Nannochloropsis oculata (UTEX 2164) were obtained from the University of Texas at 

Austin Culture Collection of Algae (Austin, TX) and used in the experiments. Both strains 

are known to contain a large amount of intracellular lipids [39]. The algae were cultured in 

500-ml Erlenmeyer flasks shaken on an orbital shaker at 100 rpm under continuous 

illumination by cool white fluorescent lamps of 100 to 120 µmol photons m-2 s-1 at 12h:12h 

light:dark periods. The culture temperature was regulated at 23±2°C by in-door air-

conditioning. Cells reaching the stationary phase were harvested and diluted with culture 

media to approximately 105 cells per ml for the attachment experiments. 

6.2.6 Attachment assay 

For the attachment experiments, test panels (3cm×3cm) were mounted on the microscope 

glass slides using double-sided tapes. The glass microscope slides with test materials were 

placed randomly in a glass container and the algae suspension was poured into it. The  
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distance from the top of the suspension to glass slides was 5 cm. The substrata were exposed 

to the cell suspension for 24 h in the dark without stirring to allow settlement and attachment 

of cells. Before observation under an optical microscope (BX41, Olympus Inc., Center 

Valley, PA), the substrata were gently wiped back and forth in distilled water for three times 

to remove loosely attached and residual suspended cells. Cell attachment was measured as 

the number of cells attached per unit area. Average counts were made under the microscope 

for 20 fields of view on each of two replicate slides. 

6.2.7 Statistical analysis 

All attachment data were analyzed by SPSS Version 16.0 software (SPSS Inc, USA). 

Significant differences between all the groups were determined using the Duncan-Waller test. 

All data presented were mean±S.D. and the significance level of 0.05 was applied. 

6.3 Results and Discussion 

6.3.1 Contact angle measurement and model comparison 

The results obtained by water contact angle measurements were compared to the classic 

Wenzel and Cassie models to confirm the liquid wetting behavior. The Wenzel model 

assumes that the liquid wets the asperities of the rough substrate completely (referred to as 

wet contact mode), while the Cassie model describes the liquid as sitting on a mixture of air 

and solid (referred to as composite contact mode). 

The contact angles of both smooth and textured surfaces are shown in Table 6.2, which 

are also compared with the model-calculated values in Figure 6.4. All the patterns in this 

study had relatively low roughness factors (r = 1.1-1.3) and moderate solid fraction (f = 0.4-

0.7). It can be seen from Figure 6.4 that the measured contact angles of textured polymers are  
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close to the theoretical curve for Wenzel regime, suggesting that the wetting behavior of 

these surfaces should follow the full wetting mode proposed by Wenzel rather than by 

Cassie. The Cassie regime is favored if , which is a simplified criterion for 

designing super-hydrophobic self-cleaning surfaces [40, 41]. In present study, the calculated 

values of (cosθ + 1 r)⁄  for all patterns are larger than zero, thus the wetting on these patterns 

is considered in the Wenzel regime.  

 
 

Table 6.2 Measured contact angles on nylon and polycarbonate 

Texture R f Contact angle θ (°) Wetting regime 

Nylon 

Smooth 1 1 96±2.3 - 
Ridge 1.286 0.714 105±8.8 Wenzel 
Pillar 1.23 0.43 91±4.9 Wenzel 
Groove 1.08 0.583 88±1.9 Wenzel 

Polycarbonate 

Smooth 1 1 88±1.3 - 
Ridge 1.286 0.714 89±3.7 Wenzel 
Pillar 1.27 0.5 96±1.4 Wenzel 
Groove 1.33 0.583 84±3.6 Wenzel 

     
 
 
 

  
 

Figure 6.4 Measured water contact angle of textured polymer as a function of surface roughness 

factor, compared with the predicted values from Wenzel and Cassie-Baxter models. 
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      If the topography of a surface is engineered to fall in the Cassie regime, air can be 

trapped between the cell and the rough surface, thus the induced bridging between the cell 

and solid surface is expected to reduce the overall adhesion strength [42]. If the topography 

of a surface is in the Wenzel regime, theoretically cells will fully penetrate into the designed 

textures but the adhesion behavior is not predictable in this case since bio-adhesion is a 

complex and specific process. The size and shape of settled microorganisms are other factors 

to consider, in addition to the variety of adhesive proteins, glycoproteins, and 

polysaccharides that organisms secrete during the adhesion process [43].  

6.3.2 Cell attachment and the contact point theory 

From the thermodynamic point of view, adhesion on rough surfaces can be simplistically 

expressed as [23]: 

                                                     𝑊 = 𝛾∆𝐴                                                    (3) 

where W is the energy needed to realize the adhesion, γ is the solid surface free energy, ΔA 

is the change of solid surface area. From equation (3), it can be concluded that for a constant 

surface free energy, the less change of the surface area, the less energy is needed to realize 

adhesion, thus the easier for a cell to settle. Assuming the chemical composition of solid 

material is homogenous (γ is constant), two different surface topographies would be 

envisioned, i.e. a flat surface and a grooved surface (Figure 6.5). Considering a cell 

approaching on the textured surface, it may bridge, align or conform to the surface shape 

(Figure 6.5) [23]. If the cell settles on the flat portion of the surface, there will be an increase 

in the solid surface area. The increase is the surface area of the cell minus the contact surface 

area between the cell and the substratum. Hence the expansion of the total surface area  
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requires an increase in work exerted on the total system. If the cell is large enough, it may 

rest between patterns depending on the size of features (Figure 6.5). The contacts with the 

surface become point contacts, which reduce the area of contact between the cell and surface 

compared to the cell settling on a flat surface. Thus the system would be expected to need 

more energy for the cell attachment. The third condition is that the cell settles into the pattern 

of the substratum with a particular dimension. It is apparent that the cell has more contact 

points with the walls and floor of the valley and therefore requires less energy to attach.  

 
 

 
Figure 6.5 Diagrammatic representation of the cell attachment to different surface features. From left 

to right: aligning, conforming and bridging [23]. 

 
 
 

The experimental results showed that the surface texture had different effects on algal 

attachment. For smooth surfaces, nylon had a better attachment than polycarbonate for these 

two algae species due to its relative low surface free energy as discussed in a previous paper 

[44]. Independent of surface chemistry, surface texture plays an important role in the algal 

attachment as shown in Figure 6.6. The attachment of algal cells to textured surfaces was 

strongly related to the size of cells and the surface features. Generally, groove had a better 

attachment than the other two topographies for both algae species. And there is no significant 
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difference between pillar and ridge for N. oculata attached to both materials while the 

attachment for S. dimorphus was significantly different. Compared with the smooth control  

surfaces, N. oculata showed reduced attachments on polymers with ridges and pillars. And S. 

dimorphus showed increased attachment on polycarbonate with pillars while there was 

reduced attachment on nylon with the same pattern. Polymer with ridges seemed to have no 

influence on the attachment of S. dimorphus. 

 
 
 

 

 

Figure 6.6 Algal attachment to polymer surfaces with various textures. Superscript letters indicate 
significant differences (Duncan-Waller test, α=0.05) 
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      To understand these differences, the properties of microalgae cells must be taken into 

consideration. Scenedesmus dimorphus is a freshwater unicellular alga with length of 10-16 

µm and width of 3-5 µm. Seawater species Nannochloropsis oculata is known to be 

spherically shaped and 2-5 µm in diameter. The ridge spacing is close to the cell size of 

Nannochloropsis oculata, but the depth is only 1 µm so the attachment is still point contact in 

this case. Cells may bridge between or align on the features. S. dimorphus is a little bit larger 

than the feature size, so bridging becomes necessary for settlement (Figure 6.7). According to 

the contact point theory, organisms will attach in lower numbers where there are fewer 

potential attachment points. The attachment for N. oculata is reduced compared to controlled 

smooth surfaces due to the decrease of contact points. The shape of S. dimorphus allows for 

multiple attachment sites, resulting in no big changes in attachment. S. dimorphus were found 

preferentially oriented perpendicular to the isolated valleys (Figure 6.7). The cell-surface 

interaction energy will be reduced over the valleys, where the cell to surface contact is 

missing. So for the bean shaped algal cells, the interaction energy for perpendicular 

alignment is larger than that for longitudinal alignment along small valleys—in qualitative 

agreement with experimental observations where algal cells seem to align perpendicular to 

small valleys between ridges. Pictures taken under the microscope have verified above 

prediction (Figure 6.7).   

      The results were consistent with previous studies that the cell behavior had a strong 

relationship with the valley width [45]. Very small scratches, smaller than the range of the 

surface interaction (few nanometers), had little effect on the local interaction and the overall 

binding strength. Scratches that are large enough to decrease binding, but too small for the  
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cells to fit them, reduced the contact area of the cells. Valleys that are on the order of the cell 

size increased the contact area and hence binding potential, while very wide valleys that are 

much larger than cellular dimensions should approach the binding potential of a flat surface 

[45]. 

 
 
 

    
 

    
 

Figure 6.7 (a) S. dimorphus attached on nylon with ridge, (b) N. oculata attached on nylon 

with ridge, (c) S. dimorphus attached on polycarbonate with ridge and  (d) N. oculata 

attached on polycarbonate with ridge. 
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      For polymer surfaces with pillars, most cells were observed on flat area between features, 

against the pillar walls and there were almost no cells on pillars (Figure 6.8). Feature spacing 

has been found to be very important in this case. If the spacing is about the size of the algae 

species, the cell could conform itself into this space. More contact points will lead to higher 

adhesion strength. Either larger or smaller feature spacing reduces the contact points thus 

reduce the adhesion strength. That may explain why polycarbonate with 7-15 µm spacing 

increased the attachment of S. dimorphus while nylon with larger spacing showed retarded 

adhesion. The attachment of N. oculata is around half reduced on nylon due to its smaller 

size compared to the feature spacing.  

      This is in good agreement with previous studies that surface microtopographies smaller 

than the size of organisms result in a reduced adhesion while microtopographies slightly 

larger than the size of organisms induce high attachment [23-25]. Carl et al. [46] studied the 

settlement of mussel larvae (approximate width of 190 µm and length of 260 µm) on textured 

surfaces with feature size ranging from 100 to 1000 µm. Decreased settlement was observed 

on topographies ranging from 100 to 250 µm, within this size range larvae was restricted to 

fit in the features thus impeding the contact area required for optimal adhesion. A similar 

negative effect of surface topographies smaller than target organisms were observed on 

barnacle B. improvises and B. Amphitrite [27,28,47], the serpluid tube worm Hydroides 

elegans [25], and the bryozoan Bugula neritina [25]. In contrast, micro-topographies slightly 

larger than target organisms improve attachment. In the study of mussel larvae attachment, 

the 400µm textured surface had the highest settlement, providing more contact points and a 

more secure settlement site for pediveligers [46]. 
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Figure 6.8 (a) S. dimorphus attached on nylon with pillar, (b) N. oculata attached on nylon 

with pillar, (c) S. dimorphus attached on polycarbonate with pillar and  (d) N. oculata 

attached on polycarbonate with pillar. 

 
 
 

      The feature dimensions of grooves were much larger than the size of algal cells. 

Polycarbonate with 40 µm deep grooves increased attachment for both algae species relative 

to the smooth surface, while nylon with shallower depth showed on big changes in adhesion. 

Under microscope, cells were mainly found in the angle between the groove floor and 

sidewalls. So for two grooves with same width, which is larger than the cell size, the deeper  
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groove could achieve more cell colonization due to the increased surface area available for 

cell-substratum contact. Other experiments have demonstrated the importance of groove 

depth on the cell attachment. Callow found there was a five-fold increase in algal spore 

settlement on 5 µm deep valleys as opposed to valleys of 1.5 µm deep [23]. In the study of 

mussel larvae, increased settlement was obtained with increasing depth from 200 µm to 400 

µm when the groove width is kept around 200 µm [46]. 

6.4 Conclusions 

This study demonstrated that surface topography/texture plays an important role in algal 

attachment by changing wetting behavior and real area of contact. Surface texture in this 

study is a key factor in the attachment of algal cells to solid carriers, with a greater effect 

than surface chemistry. The attachment is preferred when the feature size is close to the 

diameter of the cell attempting to settle. Larger or smaller feature dimensions have the 

potential to reduce cellular attachment. This in turn allowed us to design and optimize the 

solid carrier surfaces to enhance the attachment of algal cells.  

 

 

 

 

 

 

 



 

 129 

REFERENCES 

 

[1] Chisti, Y. (2007). Biodiesel from microalgae. Biotechnol Advances, 25(3), 294-306. 
 
[2] Donohue, T.J., and Cogdell, R.J. (2006). Microorganisms and clean energy. 
      Nature Reviews. Microbiology, 4(11), 800. 
 
[3] Schenk, P.M., Thomas-Hall, S.R., Stephens, E., Marx, U.C., Mussgnug, J.H., Posten,  
      C., Kruse, O., and Hankamer, B. (2008). Second generation biofuels: high-efficiency  
      microalgae for biodiesel production. Bioenerg Research, 1(1), 20-43. 
 
[4] Rodolfi, L., Zittelli, G.C., Bassi, N., Padovani, G., Biondi, N., Bonini, G., and Tredici,  
      M.R. (2009). Microalgae for oil: strain selection, induction of lipid synthesis and  
      outdoor mass cultivation in a low-cost photobioreactor.  
      Biotechnology Bioengineering, 102(1), 100-112. 
 
[5] Hoffmann, J.P. (2002). Wastewater treatment with suspended and nonsuspended  
      algae. Journal of Phycology, 34(5), 757-763. 
 
[6] Mata, T.M., Martins, A.A., and Caetano, N.S. (2010). Microalgae for biodiesel  
      production and other applications: A review. Renewable and Sustainable Energy  
      Reviews, 14(1), 217-232. 
 
[7] Mehta, S. K., and Gaur, J. P. (2005). Use of Algae for Removing Heavy Metal Ions    
     From Wastewater: Progress and Prospects. Critical reviews in biotechnology, 25(3),  
     113-152. 
 
[8] Benemann, J.R. (2003). Bio-fixation of CO2 and Greenhouse Gas Abatement with      
      Microalgae-Technology Roadmap. Final report to the US Department of Energy.  
      National Energy Technology Laboratory, 55 
 
[9] Brennan, L., and Owende, P. (2010). Biofuels from microalgae-a review of  
      technologies for production, processing, and extractions of biofuels and co-products.  
      Renewable and Sustainable Energy Reviews, 14(2), 557-577. 
 
[10] Lardon, L., Helia, A., Sialve, B., Steyer, J.P., and Bernard, O. (2009). Life-Cycle 

Assessment of Biodiesel Production from Microalgae. Environmental Science 
Technology, 43(17), 6475-6481. 

 
 
 
 
 



 

 130 

[11] Sydney, E.B., Sturm, W., de Carvalho, J.C., Thomaz-Soccol, V., Larroche, C.,  
        Pandey, A., and Soccol, C.R. (2010). Potential carbon dioxide fixation by   
        industrially important microalgae. Bioresource Technology, 101(15), 5892-5896. 
 
[12] Molina Grima, E., Belarbia, E.H., Acien Fernandeza, F.G., Robles Medinaa, A., and  
       Chistib, Y. (2003). Recovery of microalgal biomass and metabolites: process  
       options and economics. Biotechnology Advances, 20(7), 491-515. 
 
[13] Cao, J., Yuan, W., Pei, Z.J., Davis, T., Cui, Y., and Beltran, M. (2009). A  
        preliminary study of the effect of surface texture on algae cell attachment for a  
        mechanical-biological energy manufacturing system. Journal of Manufacturing  
        Science Engineering, 131(6). 
  
[14] Yuan, W., Cui, Y., and Pei, Z.J. (2009). Immobilized algae culture for biofuel  
        manufacturing: an overview and progress report. Proceedings of 2009 NSF  
        Engineering Research and Innovation Conference, Honolulu, Hawaii. 
 
[15] Cui. Y., Yuan, W., and Pei, Z.J. (2010). Effects of carrier material and design on     

microalgae attachment for biofuel manufacturing: a literature review. Proceedings of  
       the ASME 2010 International Manufacturing Science and Engineering Conference,  
       Erie, PA. 
 
[16] Schumacher, J.F., Carman, M.L., Estes, T.G., Feinberg, A.W., Wilson, L.H., Callow,  
       M.E., Callow, J. A., Finlay, J. A., and Brennan, A. B. (2007). Engineered antifouling  
       microtopographies-effect of feature size, geometry, and roughness on settlement of  
       zoospores of the green alga Ulva. Biofouling, 23(1), 55-62. 
 
[17] Magin, C.M., Cooper, S.P., and Brennan, A.B. (2010). Non-toxic antifouling  
       strategies. Materials Today, 13(4), 36-44. 
 
[18] Baier, R.E. (2006). Surface behavior of biomaterials: the theta surface for  
        biocompatibility. Journal of Materials Science: Materials in Medicine, 17(11),  
        1057-1062. 
 
[19] Baier, R.E., and Meyer, A.E. (1992). Surface analysis of fouling-resistant marine  
        coatings. Biofouling, 6(2), 165-180. 
 
[20] Anderson, C., Atlar, M., Callow, M., Candries, M., Milne, A., and Townsin, R.L.  
       (2003). The development of foul-release coatings for seagoing vessels. Journal of 

Marine Design and Operations, 4, 11-23. 
 
 
 
 
 



 

 131 

[21] Von Recum, A. F., and Van Kooten, T. G. (1995). The influence of  
        microtopography on cellular response and the implications for silicone implants.  
       Journal of Biomaterials Science, Polymer Edition, 7(2), 181-198. 
 
[22] Callow, M.E., Jennings, A.R., Brennan, A.B., Seegert, C.E., Gibson, A., Wilson, L.,  
        Feinberg, A., Baney, R., and Callow, J.A. (2002). Microtopographic cues for  
        settlement of zoospores of the green fouling alga Enteromorpha. Biofouling, 18(3),  
        237-245. 
 
[23] Scardino, A.J., Harvey, E., and De Nys, R. (2006). Testing attachment point theory:  
       diatom attachment on microtextured polyimide biomimics. Biofouling, 22(1), 55-60. 
 
[24] Scardino,A. J., Guenther, J., and De Nys, R. (2008). Attachment point theory  
        revisited: the fouling response to a microtextured matrix. Biofouling, 24(1), 45-53. 
 
[25] Hoipkemeier-Wilson, L., Schumacher, J.F., Carman, M.L., Gibson, A.L., Feinberg,    
       A.W., Callow, M.E., Finlay, J.A., Callow, J.A., and Brennan, A.B. (2004). Antifouling 

potential of lubricious, micro-engineered, PDMS elastomers against zoospores of the 
green alga Ulva (Enteromorpha). Biofouling, 20(1), 53-63. 

 
[26] Schumacher, J.F., Aldred, N., Callow, M.E., Finlay, J.A., Callow, J.A., Clare, A.S., and    
        Brennan, A.B. (2007). Species-specific engineered antifouling topographies:   
        correlations between the settlement of algal zoospores and barnacle cyprids. Biofouling,  
        23(5), 307–317. 
 
[27] Berntsson, K.M., Jonsson, P.R., Lejhall, M., and Gatenholm, P. (2000). Analysis of     
        behavioural rejection of micro-textured surfaces and implications for recruitment by the  
        barnacle Balanus improvisus. Journal of Experimental Marine Biology and Ecology,  
        251(1), 59-83. 
 
[28] Kohler, J., Hansen, P.D., and Wahl, M. (1999). Colonization patterns at the substratum-

water interface: how does surface microtopography influence recruitment patterns of 
sessile organisms. Biofouling, 14(3), 237-248. 

 
[29] Petronis, S., Berntsson, K., Gold, J., and Gatenholm, P. (2000). Design and    
        microstructuring of PDMS surfaces for improved marine biofouling resistance. Journal  
        of Biomaterilas Science, Polymer Edition, 11(10), 1051-1072. 
 
[30] Berntsson, K.M., Andreasson, H., Jonsson, P.R., and Larsson, L. (2000). Reduction of 

barnacle recruitment on micro-textured surfaces: analysis of effective topographic 
characteristics and evaluation of skin friction. Biofouling, 16(2-4), 245-261. 

 
 
 
 



 

 132 

[31] Liu, M.J., Zheng, Y.M., Zhai, J., and Jiang, L. (2009). Bioinspired Super-antiwetting   
       Interfaces with Special Liquid-Solid Adhesion. Accounts of chemical research, 43(3), 

368-377. 
 
[32] Cui, Y., and Yuan, W. Thermodynamic modeling of algal cell-solid substrate  
        interactions. In progress. 
 
[33] Wenzel, R. N. (1936). Resistance of solid surfaces to wetting by water. Ind. Eng. Chem,  

28(8), 988-994. 
  
[34] Cassie, A. B. D., and Baxter, S. (1944). Wettability of porous surfaces. Transaction of 

the Faraday Society, 40, 546-551. 
 
[35] Bico, J., Tordeux, C., and Quere, D. (2007). Rough wetting. Europhysics Letters,   
       55(2), 214-220. 
 
[36] Bico, J., Thiele, U., and Quere, D. (2002). Wetting of textured surfaces. Colloids 

Surfaces A: Physicochemical and Engineering Aspects, 206(1), 41-46. 
 
[37] Quere, D. (2002). Rough ideas on wetting. Physica A: Statistical Mechanics and its 

Applications, 313(1), 32-46. 
 
[38] Genzer, J., and Efimenko, K. (2006). Recent developments in superhydrophobic     
        surfaces and their relevance to marine fouling: a review. Biofouling, 22(5), 339-360. 
 
[39] Ben-Amotz, A., Tornabene, T.G., and Thomas, W.H. (1985). Chemical profile of   

selected species of microalgae with emphasis on lipids. Journal of Phycology, 21(1),  
       72-81. 
 
[40] Furstner, R., and Barthlott, W. (2005). Wetting and Self-Cleaning Properties of 

Artificial Superhydrophobic Surfaces. Langmuir, 21, 956-961 
 
[41] Lafuma, A., and Quere, D. (2003). Superhydrophobic states. Nat Mater, 2(7), 457-460. 
 
[42] Sun, T, Feng, L., Gao, X., and Jiang, L. (2005). Bioinspired Surfaces with Special 

Wettability. Accounts of Chemical Research, 38(8), 644-652. 
 
[43] Vladkova, T. (2009). Surface Modification Approach to Control Biofouling.  
       Marine and industrial biofouling, 4, 135-163. 
 
[44] Cui, Y., and Yuan, W. Thermodynamic modeling of algal cell-solid substrate     
        interactions. In progress. 
 
 
 



 

 133 

[45] Edwards, K.J., and Rutenbergr, A.D. (2001). Microbial response to surface    
        microtopography: the role of metabolism in localized mineral dissolution.  
       Chemical Geology, 180(1), 19-32. 
 
[46] Carl, C., Poole, A.J., Sexton, B.A., Glenn, F.L., Vucko, M.J., Williams, M.R.,  
       Whalan, S., and De Nys, R. (2012). Enhancing the settlement and attachment strength of 

pediveligers of Mytilus galloprovincialis bychanging surface wettability and 
microtopography. Biofouling, 28(2), 175-186. 

 
[47] Andersson, M., Berntsson, K., Jonsson, P., and Gatenholm, P. (1999). Microtextured 

surfaces: towards macrofouling resistant coatings. Biofouling, 14, 167-168. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 134 

Chapter 7  The effect of solid carrier material and surface 

roughness on microalgal attachment 

 

Abstract: The objective of this study was to understand the effect of solid carrier material 

and surface roughness on microalgal attachment. Four types of stainless steel materials, 

commercial polymer nylon and glass slide were selected to span a wide range of surface 

chemistry and surface roughness with Ra values between 0.26 nm to 124 nm. The attachment 

of two microalgal species, Scenedesmus dimorphus and Nannochloropsis oculata, was found 

to be related to the average surface roughness Ra. If the surface chemical composition was 

similar (e.g. all stainless steel), the attachment and orientation of algal cells was found to 

depend on the surface average roughness, wherein rougher surfaces resulted in increased 

attachment. Whereas, the attachment was strongly related to surface free energy as described 

by the thermodynamic model if materials were chemically different. 
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7.1  Introduction 

Microalgae are currently being promoted as an ideal biofuel feedstock because of their rapid 

growth rate and CO2 fixation capability [1-3]. Although they are usually cultivated in 

suspended systems like open ponds or photobioreators, immobilized algae cultivation has 

been attracting attention due to its potential to ease biomass harvesting [4]. Several research 

efforts were found in the literature investigating immobilized algae cultivation systems in  

biofuel production [5-10] as well as in environmental remediation applications [11-16]. Algal 

 attachment was reported to be driven by a balance between various physicochemical 

interactions, including the physicochemical properties of the alga, the physicochemical 

properties of the substratum and the environmental conditions under which the attachment 

took place [17, 18]. In our previous studies [19, 20], the influence of surface free energy and 

surface texture on algal cell was investigated. We found that when cells were cultured on 

surfaces with homogeneous topographies such as groove, pillar or ridge, cells were able to 

identify the organization of topography and orient themselves. Normally, it is difficult to 

define the surface topographic organization of materials processed by industrial methods 

such as plasma spraying, polishing and sand blasting [21]. Such surfaces rather display 

isotropic surfaces and the application of simple roughness factor and solid fraction in the 

Wenzel and Cassie models [22] becomes increasingly unrealistic.  

      Some researchers reported a positive correlation between cellular attachment and 

increased surface roughness, whereas others found no specific relationship between the 

number of attached cells and roughness [23-26]. Sekar et al. tested the attachment of 

Chlorella vulgaris (green algae), Nitzschia amphibia (diatom) and Chroococcus minutus  
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(cyanobacteria) to titanium and stainless steel substrates. Cellular attachment was found 

higher on rougher surfaces and decreased progressively with increasing smoothness [25]. 

Vanhaecke et al. [26] showed that the adhesion of a hydrophilic strain of the bacterium 

Pseudomonas aeruginosa increased with an increase in the average roughness of stainless 

steel 316L, while a hydrophobic strain of Pseudomonas showed no connection between 

average roughness and the number of attached bacteria. In another set of experiments, 

adhesion of four bacteria to stainless steel 304 with five levels of roughness was studied.  

Both rougher and smoother surfaces resulted in increased adhesion. The lowest attachment 

appeared on surfaces with median roughness [24]. The apparent conflict in these 

observations was suggested due to the degree of surface roughness studied and the type of 

microorganism tested [27].  

      The aim of this study was to investigate the effect of surface roughness on microalgal 

attachment, where the roughness was characterized by multiple, randomly sized and 

distributed discontinuities which might be caused by natural formation and/or surface-

finishing methods. Two algae species: Scenedesmus dimorphus and Nannochloropsis 

oculata, on six different material surfaces were studied. The tested materials were 

categorized into two groups: the first group included chemically similar stainless steel 

samples with different surface roughness, and the other group had materials with various 

surface chemistry and roughness. 

7.2 Methods and materials 

7.2.1. Algal species and culture conditions 

A freshwater microalga Scenedesmus dimorphus (UTEX 417) and a marine microalga  
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Nannochloropsis oculata (UTEX 2164) were obtained from the University of Texas at 

Austin Culture Collection of Algae (Austin, TX) and used in the experiments. Both are 

known to contain a large amount of intracellular lipids [28]. The algae species were cultured 

in 500-ml Erlenmeyer flasks shaken on an orbital shaker at 100 rpm under Continuous 

illumination by cool white fluorescent lamps of 100 to 120 µmol photons m-2 s-1 at 12h: 12h 

light: dark periods. The culture temperature was regulated at 23± 2 °C by in-door air-

conditioning. Cells reaching the stationary phase were harvested and diluted with culture 

media to ~105 cells per ml for the attachment experiments.   

7.2.2 Surface characterization 

7.2.2.1 Specimen preparation 

Four kinds of stainless steel were studied, including type 1000SA, 1200SA and 1850SA 

provided by Sandvik Materials Technology (Sandviken, Sweden) and type 304 (Part number 

9502K24, McMaster, Atlanta, GA). Commercially available polymer nylon 6/6 obtained 

from Plastic International (Eden Prairie, MN) and glass microscope slides were also studied. 

Materials were cut into 3cm×3cm pieces for the attachment experiment. All sample were 

extensively washed with detergent and ethanol, rinsed exhaustively with distilled water and 

then air-dried before the contact angle measurement and attachment experiment. 

7.2.2.2 Surface free energy 

Surface free energy was calculated from the contact angle measured at the solid-liquid 

interface using liquids with known surface tensions. Micro-liter sized drops were placed on 

the solid carrier samples. Contact angles were measured with an optical contact angle meter 

(CAM100, KSV Instrument Ltd., Monroe, CT). A series of eight drops were used in each of  
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the three trials, for a total of 24 contact angle measurement per liquid on a particular material 

surface. The average of measured contact angles was used for the surface energy calculation. 

Details about contact angle measurement and surface free energy calculation were presented 

in a previous paper [19]. 

7.2.2.3 Surface roughness 

 An atomic force microscopy (AFM D3000, Digital Instruments, Inc.) was used to assess the 

morphology of the substrate surface. The scan area (25µm×25µm) was randomly selected for  

each sample. The images of stainless steel surfaces were obtained in contact mode using 

standard cantilevers. The crucial, real-time scan parameters including scan rate, integral 

gains, proportional gains and set point were optimized during the real time scans in order to 

obtain high-resolution images at the micrometer scale or nanoscale [29]. Surface roughness 

was analyzed using Nanoscope software (Digital Instruments, Santa Cruz, CA) to quantify 

roughness parameters Ra, Rq and Rz.  

7.2.3 Attachment assay 

For the attachment experiments, pieces of polymers (1cm × 1cm) were mounted on the 

microscope glass slides using double-sided tapes to avoid flotation. Glass microscope slides 

with test polymers and pieces of stainless steel (3cm × 3cm) were placed randomly in a glass 

container and the algae suspension was poured into it. The distance from the top of the 

suspension to glass slides was 5 cm. The substrata were exposed to the cell suspension for 24 

h in the dark without stirring to allow settlement and attachment of cells. Before observation 

under an optical microscope (BX41, Olympus Inc., Center Valley, PA), the substrata were 

gently wiped back and forth in distilled water for three times to remove loosely attached and  
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residual suspended cells. Cell attachment was measured as the number of cells attached per 

unit area. Average counts were made under the microscope for 20 fields of view on each of 

two replicate slides. 

7.3 Results and discussion 

7.3.1 Algal adhesion to stainless steel 

The chemical compositions of stainless steel samples are given in Table 7.1. All stainless 

steel surface properties were characterized with surface free energy (determined from contact 

angle measurements) and surface roughness. The variation of surface roughness was due to 

different surface finishing methods. 

 
 

Table 7.1 Elemental composition of the stainless steels applied in the experiments. 

 (Obtained from the company datasheet) 

Material Description 
Chemical composition 

C Si Mn Cr Ni Mo 

SS304 Austenitic stainless steel 0.08 1.0 2.0 18 8 0.75 

1000SA 316, Austenitic molybde-
num alloyed stainless steel 0.05 0.6 1.7 17.5 12.5 2.7 

1200SA 301,304, Austenitic 
stainless steel 0.1 0.6 1.4 17.5 7.5 ----- 

1850SA Martensitic chromium 
stainless steel 0.38 0.4 0.55 13.5 ------ 1.0 

 
 
 
The contact angles of diiodomethane and water on surfaces of four stainless steels are shown 

in Table 7.2. Surface free energies of each material were calculated from contact angles. The 

calculation method has been introduced in a previous study [19]. The total surface energy, 

the dispersion component, the polar component are summarized in Table 7.2. 
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Table 7.2 Surface free energies of stainless steels 

 
Contact angle 

(water) 
(°) 

Contact angle 
(diiodomethane) (°) 

Dispersion 
surface energy 

(ergs/cm2) 

Polar surface 
energy 

(ergs/cm2) 

Total surface free 
energy 

(ergs/cm2) 

1850SA 89±5.4 62±3.0 27.4 3.0 30.4 
1000SA 85±4.0 55.4±1.6 31.2 3.6 34.8 
1200SA 73±4.8 54.6±3.7 31.7 8.5 40.2 
SS304 67±2.0 41±0.4 40 8.7 48.7 

 
 
 
      The number of attached cells increased with increasing surface energies for both algae 

species as shown in Figure 7.1, which is contrary to the theoretical prediction in our previous 

reports [19]. According to the thermodynamic model, better attachment would occur on 

metal surfaces with lower surface free energy. Other factors such as surface roughness may 

be responsible for the attachment to stainless steel. 

 
 
 

   
Figure 7.1 Algal cell attachment to stainless steel surfaces with various surface free energies and 

average roughness. 
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      When examining micrographs of the four stainless steels, it is evident that the topography 

of the surfaces was very different and appeared to correlate with the algal attachment (Figure 

7.2 and 7.3). S. dimorphus had more attachment than N. oculata for all stainless steels. And 

stainless steel 1850SA and 1000SA had relatively lower adhesion than 1200SA and SS304 

for both algae species. 

 
 
   

   
 

   
 

Figure 7.2 Microscope graphs of S. dimorphus attachment on stainless steel surfaces. 
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Figure 7.3 Microscope graphs of N. oculata attachment on stainless steel surfaces. 
 
 
 
      In order to understand the effect of stainless surface roughness on attachment, AFM 

measurement was applied to describe the surface topography in X, Y and Z scales as shown 

in Figure 7.4. The topography of any surface usually takes the form of a series of peaks and 

valleys, which may vary in both height and spacing [30]. Amplitude parameters are the most 

important parameters to characterize surface topography such as Ra , Rq and Rz [31]. Ra 

(average roughness) is the most universally used roughness parameter for general quality 

control, which is not sensitive to single large peaks or valleys but gives a good general  

1850SA 1000SA 

1200SA SS304 
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description of height variations. Rq, also known as mean surface roughness, represents the 

standard deviation of the distribution of surface heights. Rz is the sum of the height of the 

largest profile peak and the largest profile valley depth within a sampling length [32]. In 

random selected areas (25µm×25µm), roughness parameters were analyzed by the 

measurement data as shown in Table 7.3. AFM images revealed grains and grain boundaries 

on the 1000SA surface. Scratches with different depths and widths were found on the other 

three kinds of stainless steels with Ra ranging from 38nm to 124nm. Deeper starches (high 

Rz) gave rise to higher Ra and Rq. Type 1000SA was an exception with highest Rz but lower 

Ra due to its different surface topography. 

 

                         

                             

Figure 7.4 Three-dimensional representations of stainless steel surfaces by AFM. 
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Table 7.3 Surface roughness parameters of stainless steels 

Measurement 
Stainless Steel 

1850SA 1200SA SS304 1000SA 
Rz (nm) 368.7 383.6 683.1 1201 
Rq (nm) 51.3 70.9 141.3 95.4 
Ra (nm) 37.6 60.7 124 57.8 

 
 
 
    The widely used roughness parameters Ra, Rz and Rq were plotted against the number of 

attached cells. Only Ra was found to be related to algal attachment (Figure 7.1). As the 

average roughness of the surface decreased, fewer algal cells attached to the surface. When 

comparing the surface with the lowest Ra to the surface with the largest Ra, the attachment of 

S. dimorphus increased by 40%, whereas adhesion of N. oculata increased by 200%. Besides 

material properties, the microorganism was also found to play an important role in its 

adhesion. S. dimorphus had greater adhesion level by a factor of 10 compared to N. oculata 

for all tested stainless steels.  

       The results were in agreement with previous results reported in the literature. Faille et al. 

[33] investigated the adhesion of B. thuringiensis spores to 16 stainless steel surfaces, 

characterized by roughness and surface free energy. The number of residual adhering spores 

was found to be influenced by the roughness parameters but not by the surface free energy. 

Barnes et al. [34] found a decrease in bacterial adhesion on a mirror finish stainless steel (Ra 

of 0.035 µm) as compared to adhesion on the 2B finish (Ra of 0.412 µm). In the study of 

interactions between osteoblasts and titanium, the osteoblast adhesion was elevated with 

increasing surface roughness (Ra from 0.07 µm to 48.59 µm) [35]. Ortega et al. [36] 

observed significant increase in adhesion of E. coli cells to the rougher stainless steel surface  
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(Ra=1.37 µm) than on the smoother surface (Ra<0.14 µm). In a recent study, the effect of 

surface roughness on the attachment of alga Oscilatoria sp. onto SS314 stainless steel 

coupons was investigated. Average roughness Ra was applied to systematically characterize 

the surface condition. It indicated that the increasing Ra led to an increase in the amount of 

microalgae deposited [37]. Unlike studies that used pure cultures, Arnold and Bailey [29] 

used a mixed population of bacteria to behave like the natural environment. Decreases in the 

AFM measurements of roughness parameters like Ra and Rq for stainless steels 

corresponded with the reduction in bacterial adhesion [29]. Among numerous attempts to 

relate roughness to adhesion, increasing Ra values were often reported to be responsible for 

increased adhesion. However some studies failed to demonstrate any clear relationship 

between Ra values and microbial adhesion [23, 26, 32, 38]. These discrepancies may not 

only be explained by the different range of Ra for various materials but also by the 

experimental protocols such as the applied microorganisms and suspended medium. This 

suggests that the use of only one roughness parameter may not be sufficient in defining the 

adhesion ability of surfaces. Other standardized roughness parameters have been proposed in 

order to describe surface roughness more adequately and have been made to relate these 

parameters to microbial adhesion [32]. Mettler [39] showed that RVK (the reduced valley 

depth) should be taken into account, together with Ra, to discriminate the bacterial adhesion 

to seven flooring materials. Faille [33] studied stainless steel hygienic status with regard to 

seven standardized roughness parameters. In this study, average roughness (Ra), reduced 

peak height within the evaluation length (RPK) and reduced valley depth within the evaluation 

length (RVK) was shown to control the bacterial adhesion.  
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      Despite the volume of work that has been performed, the mechanisms by which surface 

roughness modulated cellular attachment remain largely unclear. It is suggested that a higher 

degree of surface roughness would mean a greater degree of “peaks” and “valleys” on the 

substrate surface. These peaks and valleys may act as anchoring points for the 

microorganisms to adhere to and have the potential to provide larger attachment area [37]. 

The surface topography was also found to affect the cell distribution. Figure 7.5 shows that 

the algal cells have a strong preference for settling around grain boundaries over grains on 

stainless steel 1000SA and tended to align along scratches on stainless steel 1850SA, 

1200SA and SS304. The deeper the starches, the clearer the orientation was observed. The 

bean-shaped S. dimorphus were found preferentially oriented perpendicular to the surface 

features. The interaction energy between cells and the substratum was reduced over the gaps 

due to the reduced contact area. For the bean-shaped cells, the interaction energy for 

perpendicular alignment was larger than that for longitudinal alignment along small scratches 

since the latter had less cell-surface contact—in qualitative agreement with experimental 

observations where algal cells seem to align perpendicular to surface. 

 
 
 

 
                1000SA                      1850SA                       1200SA                   SS304 

 
Figure 7.5 Orientation of S. dimorphus on stainless steel surfaces. 
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7.3.2 Algal adhesion to substrates with different chemical compositions 

Three materials including stainless steel 304, glass, nylon 6/6 with very different surface 

properties (chemical composition and surface roughness) were compared to each other. The 

chemical composition and surface free energies of materials are shown in Table 7.4. Total 

surface energy of the materials ranged from 35 to 75 erg/cm2. 

 
 

Table 7.4 Surface chemical composition and surface free energies of solid materials 

Materials 
θ 

(water) 
(°) 

θ 
(diiodomethane) 

(°) 

Dispersion 
surface 
energy 

(ergs/cm2) 

Polar 
surface 
energy 

(ergs/cm2) 

Total 
surface 

free energy 
(ergs/cm2) 

Major 
functional 

groups 

SS304 67±2.0 41±0.4 40 8.7 48.7 Fe, Cr, C 
Nylon 6/6 51±0.7 96±2.3 34 0.6 34.6 -NH-, -CH2- 
Glass 34±2.0 15±2.0 42 33 75 SiO2 

 
 
 

Figure 7.6 shows the AFM micrographs of glass and nylon surfaces expressed in the X, Y 

and Z scales. The obtained roughness parameters in selected area (25µm×25µm) are listed in 

Table 7.5. Glass surface appeared uniformly smoother with the average surface roughness 

close to zero. Nylon had prominent protrusions on the surface because of the surface coating, 

resulting in relative high Rz. But the average surface roughness is still smaller than stainless 

steel with scratches.  

 
 

Table 7.5 Surface roughness parameters of glass and polymers 

Measurement 
Material  

Glass Nylon SS304 
Rz (nm) 32.4 1264 683.1 
Rq (nm) 0.37 68.1 141.3 
Ra (nm) 0.26 45.4 124 
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              Figure 7.6 Three-dimensional representations of glass and nylon surfaces by AFM. 

 

The effect of surface energy on algal attachment of above materials can be seen from 

Figure 7.7. Of these materials, glass was particularly smooth with Ra value of 0.26 nm and 

nylon was the rougher substratum with median Ra value of 45.4 nm. When comparing 

materials belonging to different categories (glass, metal and polymer), higher attachment was 

found on the median roughness (45nm of nylon). There was no clear relationship between the 

number of attached cells and the surface roughness, suggesting something besides roughness 

must play a role in cell attachment such as surface free energy. 

      The interaction between microorganisms and different materials such as glass, silica, 

metals and polymers have been studied extensively. Nobe el al. compared the influence of 

roughness and surface energy of polymeric and metal surfaces on fibroblast adhesion. It was  

concluded that surface energy was more important than surface roughness in determining cell  

adhesion and proliferation [34]. In the study conducted by Hallab [40], cellular adhesion was 

found to be related to surface free energy as well as surface roughness. However, the latter  

Glass Nylon 
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correlation was visible only when the substrates were divided into two classes of materials 

with either a high or low surface energy. This finding suggests that the influence of 

roughness on cell adhesion strength may be secondary to the surface energy. 

 
 

  
 

Figure 7.7 Influence of surface free energies and average roughness on algal attachment. 
 
 
 
 
7.4 Conclusions 

A correlation was found between cell adhesion and surface roughness as well as surface free 

energy. When the test materials are chemically different (glass, metal and polymers with 

different functional groups), the attachment was found to be related to the surface free energy 

rather than the surface roughness. When the test materials are chemically similar like 

stainless steels, the adhesion was shown to depend strongly on the surface average 

roughness. This finding suggests that the influence of roughness on cell adhesion may be 

secondary to the surface energy for materials belonging to different categories. Our results 

0

2

4

6

8

10

35 49 75

N
o.

 o
f a

tt
ac

he
d 

al
ga

l c
el

ls
 (1

03 /
m

m
2 )

 

Surface free energy (erg/cm2) 

Glass vs. Steel vs. Nylon 
S.dimorphus
N.oculata

Glass 

Steel 

Nylon 

0

2

4

6

8

10

0.26 45 124

N
o.

 o
f a

tt
ac

he
d 

al
ga

l c
el

ls
 (1

03 /
m

m
2 )

 

Surface average roughness (nm) 

Glass vs.Steel vs.Nylon 
S.dimorphus

N.oculata

Glass 

Nylon 

Steel 



 

 150 

highlight the necessity of taking into consideration not only physic-chemical composition but 

also roughness aspects of material surfaces for the interpretation of algal attachment.  
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Chapter 8 Conclusions and Recommendation 

 

8.1 Conclusions 

Flocculation and algal attachment were studied for improved microalgae harvesting. The 

following conclusions were drawn: 

 Second-order polynomial models were developed to examine the effect of initial algal 

biomass concentration (IABC), pH, and flocculant dose (FD) on biomass recovery rate 

(BBR) and final solid concentration of algae (SCA). A negative correlation was found 

between SCA and BRR. Low pH was desirable to SCA but was unfavorable to BRR. 

There existed a positive stoichiometric relationship between FD and IABC; higher 

IABC required higher FD, and vice versa, for higher SCA. The predicted maximum 

SCA for A.S. was 32.98 g/l at IABC 1.7 g/l, pH 8.3 and FD 383.5µM, and for F.C. was 

30.1 g/l at IABC 2.2 g/l, pH 7.9 and FD 438.1 µM. 

 The mechanism of microalgae flocculation by metal salts was studied involving both 

charge neutralization and sweep flocculation. One or the other may predominate but 

each is always acting to some degree, depending on the flocculant dose and pH of the 

medium. In the case of low flocculant doses (<0.1 mM), effective flocculation was 

mainly the result of charge neutralization. The degree of flocculation of algal suspension 

is related to the cell surface charge (zeta potential) as predicted by the classical DLVO 

theory. When high flocculant concentration (> 1 mM) was applied, sweep flocculation  
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was found to predominate and there existed an optimum dose for each species. 

Overdoing did not show any increase in the flocculation efficiency but in the floc size.  

 The algal cell to substrata attachment was studied with a thermodynamic model, which 

incorporated both dispersive and polar interactions among three interfaces (cell, liquid 

medium, and solid substrate). Based on the model, attachment of algal cells to solid 

carriers was dependent on the surface free energies of the cell and the solid carrier 

material. If the microalgae cell has a polar surface energy lower than that of water, 

attachment would be more favorable on materials with higher dispersive surface energy 

and higher polar surface energy. If the polar surface energy of the cell is greater than 

that of water, more cell attachment would be expected on materials with higher 

dispersive but lower polar surface energies.  

 Surface topography/texture was also demonstrated to play an important role in algal 

attachment, which could be qualitatively described by the contact point theory. Surface 

texture at micro scale tested in this research had a greater effect than surface free 

energy. The attachment is preferred when the feature size is close to the diameter of the 

cell attempting to settle. Larger or smaller feature dimensions have the potential to 

reduce cellular attachment. This in turn allowed us to design and optimize the solid 

carrier surfaces to enhance the attachment of algal cells.  

 A correlation was found between cell adhesion and surface roughness as well as surface 

free energy. When materials are chemically different (glass, metal and polymer), the  
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attachment was found to be related to the surface free energy rather than the surface 

roughness. When materials are chemically similar like stainless steel, the adhesion was 

shown to depend strongly on the surface average roughness. This finding suggests that 

the influence of roughness on cell adhesion may be secondary to the surface energy for 

materials belonging to different categories.  

8.2 Recommendations 

The following are recommended for future studies:  

 In case of bio-flocculation, natural flocculating microalgae species that grow at similar 

conditions as the oil-accumulating microalgae will be studied in future. The suggested 

bio-flocculation method enables the harvesting of microalgae without addition of 

flocculants and allows the reuse of cultivation medium without any further treatment. 

The risk of microbial contamination is reduced, compared with application of bacteria, 

fungi and diatoms, which required different cultivation conditions as microalgae. As the 

proposed flocculating microalgae contain certain amounts of liquids, they may 

contribute to the overall biofuel production. 

 For the algal attachment to solid carriers, after a layer of cells is accumulated on the 

surface, the cell-to-cell interaction needs to be considered as described by the DLVO 

theory.  An extended DLVO theory that combines the classical van der Waals, double 

layer and also acid-base interactions may be needed. The acid-base interaction is not  
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involved in the initial stage of cell attachment because it usually works in very short 

distances where cells and surfaces have direct contacts. 

 With the development of material science, it is possible to design new materials or 

coatings with specific surface free energies that are best for algal attachment according 

to the thermodynamic model. 

 Surface texturing and design plays an important role in attachment. More texture 

features with various dimensions would be tested. 
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